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IN-SITU COMBUSTION HANDBOOK — PRINCIPLES AND PRACTICES
by

Partha S. Sarathi

ABSTRACT

For nearly 90 years in-situ combustion technique has been used in the U.S. in attempts to
improve recovery from oil reservoirs. Despite its long history and commercial success of many field
projects, the process has not found widespread acceptance among operators due to the excessive num-
ber of failures of many early field trails. Most of these failures can be traced to the inappropriate
application of the process in poorer prospects. Analysis of the successful projects, however, indicates
that the process is applicable to a wide range of reservoirs, and the chances of failures can be mini-

mized by careful selection of the reservoir and adopting prudent engineering practices.

The current work was undertaken to encourage operators to consider implementing this proven
oil recovery process in their reservoir by presentiﬁg the state-of-the-art knowledge and best practices
of fireflood in simple terms. The organization of the handbook emphasizes practical aspects of the
process. Unlike the steam process, no comprehensive text currently exists that has been devoted
exclusively to fireflood. Hence, equations and detailed calculation procedures needed to engineer and

evaluate the performance of an in-situ combustion project are included.

The handbook includes ten chapters including the introduction chapter. The principles of the

combustion process and its variations are discussed in Chapter 2. Since laboratory studies are an inte-
| gral part of a fireflood project, Chapter 3 is devoted to kinetic and combustion tube studies. The reser-
voir geological and site selection criteria for a fireflood project site are reviewed in Chapter 4. Chapter
5 presents a step by step approach for designing fireflood projects. Case history of selected U.S. and
non-U.S. combustion projects are presented in Chapter 6. The compressor and air plant requirements
for combustion projects are addressed in Chapter 7. Since ignition is a critical element of fireflood,
issues pertaining to the ignition of reservoirs are fully discussed in Chapter 8. The Chapter 9 covers
the well completion and operational issues pertaining to fireflood. The enriched air/oxygen fireflood

requirements are discussed in the final chapter.
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CHAPTER 1

Introduction — Bdckground

In-situ combustion (ISC) or fireflooding, as it is sometimes called, is the oldest member of the
thermal oil recovery family. Unlike steam injection processes, the technique has not found wide
spread acceptance among operators, despite many economically successful field projects. Many oper-
ators consider ISC as a high risk unpromising oil recovery method. This misconception arose as a
result of the excessive number of failures of many early field trials. Most of these failures can be
traced to the inappropriate application of the fireflooding process in poorer prospects. Analysis of the
. successful projects, however, indicates that the process is applicable to a wide range of reservoirs, and
the chances of failure can be minimized by careful selection of the reservoir and adopting prudent
engineering practices. The operational problems associated with fireflooding are no different or -

severe than those encountered with other recovery techniques and are easily surmountable.

Current work was undertaken to encourage operators to consider implémenting this proven oil
recovery process in their reservoir by presenting the state-of-the-art in fireflooding. In-situ combus-
tion has come a long way since its inception in the 1920s. By adopting the most current technology in
planning, implementation, operation and managing firefloods, the operator can minimize the risk of
failures. Bdth published materials and the author’s knowledge of the subject are used as the basis for
this work. It is further supplemented by informa.ltion garnered from the detailed discussion held with

current and past in-situ combustion practitioners.

Chapter 1 outlines the purpose, scope and organization of the handbook and discusses the cur-
rent state-of-the-art in ISC technology. Other sections focus on the history of the technology and con-

cluding remarks.

Purpose and Scope of the Handbook

The purpose of this handbook is to present a state-of-the-art knowledge and best practices of the
ISC technology in simple terms. It is aimed at operators and engineers who are unfamiliar with this

aspect of oil recovery technology.

The scope of the handbook includes, but is not limited to the following topics:

» The fundamentals of ISC processes.
» Combustion kinetics.

* Geology and site section criteria for fireflood projects.
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» Engineering of an ISC project.

» Case history of past projects and lessons learned from them.

+ ISC well completion and operational practices.

The organization of the monograph emphasizes practical aspects of the process. Unlike the
steam process, no comprehensive text currently exists that has been devoted exclusively to ISC.
Hence, equations and detailed calculation procedures needed to engineer and evaluate the perfor-
mance of an ISC project are included. Important issues are clarified by providing examples drawn
from past projects. The handbook includes tables, graphs, and rules-of-thumb to assist in the design of
a project. Extensive references are provided on various topics to assist the reader in obtaining further
details.

Organization of the Handbook

The handbook includes ten chapters including the introduction chapter. The next chapter (Chap-
ter 2) describes the various ISC processors. Chapter 3 is devoted to kinetics and combustion tube
studies. The reservoir geological and site selection criteria for an ISC project site are reviewed in
Chapter 4. Chapter 5 presents a step by step approéch for designing ISC projects. Case history of
selected U.S. and non-U.S. combustion projects are presented in Chapter 6. Chapter 7 discusses in
considerable detail the compressors and air plant requirements for a fireflood project. In Chapter 8
methods for igniting the reservoir are presented. The Chapter 9 covers the well completion practices.
This chapter also briefly touches upon the environmental issues. The last chapter (Chapter 10) consid-

ers the enriched air/foxygen fireflood requirements.

Early History and Development of the In-Situ Combustion Process
In-situ combustion of reservoir crude probably occurred in the air injection projects carried out
in southeastern Ohio during the early part of this century. Lewis (1916) in an unpublished internal
U.S. Bureau of Mines memo conteinplated the possible occurrence of combustion in projects where

warm air was injected into the formation to combat paraffin deposition problems.

According to Lewis (1916) the Ohio operators originated the practice of warm air injection into
the producing formation to mitigate paraffin deposition problems. In an attempt to minimize paraffin
deposition and to increase the oil recovery from its Wood property lease (near Chesterhill in Morgan

county, Southeastern Ohio) Cumberland Oil Company began injecting 150,000 cu. ft. per day of hot




(160°F) 40-psi compressor discharges into the shallow (600 ft.) first Cowrun sand in August 1911.
The injection was continued for 40 days. Analysis of the produced gas samples taken from wells in
the repressurized area showed that virtually all of the wells were making carbon dioxide (Lewis,
1917). The percentage of carbon dioxide and oxygen in the produced samples ranged from 0.7-7 and
4.3-16.48 by volume, respectively. In retrospect it is clear that prolonged injection of warm air into
the reservoir resulted in the autoignition of the in-situ crude. Lewis (1917) attributed the presence of

CO, and low oxygen content of the produced gas to the chemical reaction between in-situ crude and

the oxygen of the air.

Osgood (1930) in his monumental work, “Increasing the Recovery of Petroleum” presented the
detailed case histories of several early day air injection projects (1915-1925). In discussing The
Empire Company’s (predecessor to Cities Service Company and Oxy-USA Inc.), El Dorado, Kansas,
air injection project (1925) he noted: “It was found that only 60% of the volume of air introduced was
ultimately recovered from the sand, and that this gas consisted of principally carbon dioxide and
nitrogen, the oxygen having been extracted from the air underground. This change was interpreted as
indicating a slow combustion. Similar results have been obtained in the Bradford District, Pennsylva-
nia. The results obviously point toward oxidation underground, either of the air or the rock minerals

with which the air comes in contact.”

The first planned successful in-situ combustion project in the U.S. (perhaps in the world) took
place in October 1920 near the town of Marietta in southern Ohio (Mills, 1923). The Smith-Dunn
Company used the in-situ combustion technique (actually cyclic combustion process) to melt paraffin
and increase production. In describing the process Mills noted: “oil-soaked waste was ignited and
dropped down a well, where the Smith-Dunn compressed air process was being used. Air and natural
gas coming into the well made a combustible mixture, which ignited and burned for 24 hours. The fire
which was confined to the bottom part of the well was then extinguished by pouring in a few buckets
of water at the top of the well. The well was put to production by releasing the pressure. The rate of

production was doubled”.

Following this, the U.S. Bureau of Mines joined the Smith-Dunn Company in burning out
another well in December 1920 (Mills, 1923). In this project, the well was bailed dry, tubing run to
the bottom of the oil sand, and a drum of gasoline poured down the hole. Compressed air was then
forced down the bottom of the hole through the tubing into the formation. Dropping down some burn-

ing oil soaked waste ignited the well. The fire was kept burning for several days by supplying com-




pressed air through the tubing. The fire was then extinguished and the well was put to production by
releasing the pressure. The well flowed oil along with gas. The rate of production was increased sev-

eral times over what it was before the burning.

The Hope Natural Gas Company in 1922 used a similar, but more refined process to improve oil
production. This project was the first to use a combustion chamber to initiate ignition. The National
Petroleum News (1923) described the process in considerable detail. In his analysis of the project
Mills (1923) noted that the well bottomhole temperature was raised to 2300°F and this high tempera-
ture resulted in two or three joints of tubing being burned loose, but drilled up in short time. He also
noted that the intense heat fused the sand, but the fracturing and caving of the hole at these extreme
temperatures offset the damage. The process resulted in considerable increase in production in a
nearby well and is thus truly a combustion drive process. In order to avoid burning and parting of the

tubing, he recommended the use of alloy tubing capable of withstanding high temperature.

The first patent setting out the in-situ combustion principle was issued to E.R. Walcott on June
5, 1923. This patent was applied for in 1920 few months prior to the actual beginning of the field
experimentation in the U.S.A second patent also applied for in 1920 was issued to F.A. Howard on

November 6, 1923.

In the summer of 1927, A.F. Melcher of Marland Oil Company (now Conoco) instigated a com-
bustion oil recovery project in Ponca City, OK by injecting the hot exhaust gases (800°F) pfoduced
from the cracking stills of the adjacent refinery in to a very shallow oil sand, which was found at a
depth of 20 ft. (Torrey, 1953). In this experiment, large manhole size holes were drilled to the top of
the sand and the hot still gases injected for several months. Qil recovery from the four offset produc-
ing wells, situated in a square pattern 50 ft. away (diagonal distance) from the injector increased con-
siderably and the experiment deemed as a success. It was reported that the bottomhole temperature at
the injector was 700°F and the gas injection ceased after a few months due to excessive backpressure.
Visual inspection of the sandface, after the hole has been cooled, revealed carbon deposition and clay
fusion. This experiment is the first know field implementation of combustion drive process in the U.S.
Following this successful experiment, Marland initiated another hot air injection pilot in the shallow
South Coffeyville Pool in Nowata County, Oklahoma in December 1927 (Heath and Betzer, 1942).
This experiment, however, was deemed unsuccessful because the operator was unable to maintain the

air injection due to plugging of the sandface by coke.




The first theoretical paper on oil recovery by injection of hot combustion gases from primary
depleted sands was published by U.S. Bureau of Mines in 1928 (Lindsly, 1928). It was estimated that
approximately one billion (10°) Btu of heat is needed to raise the temperature of 1-ac-ft. of oil sand to
700°F. This paper, as for as the author’s knowledge, was the first to present the engineering and eco-

nomic calculations of a then experimental process.

The first known field experiment of in-situ combustion outside the U.S. occurred in Russia in
1935 (Sheinmann et al., 1938). By mid—1940s, concept of burning a portion of the oil bearing forma-
tion for the purpose of enhancing oil production began receiving serious attention from major U.S. oil |
companies. In 1947, Magnolia Petroleum Company (now Mobil) and Sinclair Oil and Gas Company
(now Arco) began investigating the process in the laboratory to learn about the parameters controlling
the process (Kuhn & Koch, 1953; Grand & Szasz, 1954). Both Magnolia’s and Sinclair’s la‘t;oratofy
investigation culminated in field pilots in Oklahoma in 1950. Both pilots proved to be technically suc-

cessful and paved way to the rapid development of this oil recovery technology.

Since the implementation of these first modern day pilots, more than 225 combustion projects
were undertaken in the U.S. A good many of these projects were economically successful, while oth-
ers failed for various reasons including unfavorable reservoir and fluid characteristics, poor engineer-
ing and operational problem. In general most failed pilots were small experimental projects

implemented in poor prospects by unknowledgeable operators that compounded odds against success.




Current Status of In-Situ Combustion

Global ISC Activities
At the end of 1997, eight in-situ combustion projects are in operation in the U.S. producing
about 5,200 barrels of oil per day. Six of these were implemented in deep light oil reservoirs and the
rest in shallow heavy oil pools. Worldwide, excluding the U.S., there are 20 ISC projects in operation
as of early 1998 that are producing approximately 28,900 barrels of oil per day, most of which is
- heavy. The known distribution of ISC projects in the world and their daily oil production are shown in
Table 1.1.




TABLE 1.1 — Statistics of World’s Active In-Situ Combustion Projects
(as of December 31, 1997)

Coun- Project Operator Date Combus- oil No. No. of Cur- Current Comments Reference
try Name Initiated tion Type | Grav of Pro- rent Produc-
ity, Injec | ducers AOR, tion bbl/D
°APIL tors Mscf/
bbl
US.A.
1 Bellvue, Bayou 1970 wet 19 15 85 12 400 Continuation of Moritis
LA State Oxy’s (Cities Ser- (1998)
vice) Combustion
2 Midway Texaco 1982 dry 115 10 47 7 1,000 Combustion in a Moritis
Sunset, previously steam- (1998),
CA flooded lease Hoffman
expansion is cur- (1998)
rently underway
3 Medicine | Continen- 1985 dry 39 7 17 7.2 725 Light oil combus- Moritis
Pole Hill tal tion in a tight (5 (1998),
Unit Resources md) carbonate Miller
ND reservoir (1994)
4 Buffalo, Continen- 1979 dry 30 12 21 105 550 Light oil combus- Moritis
sb tal tion in a tight (10 (1998),
Resources md) carbonate Miller
reservoir (1994)
5 W. Buf- Continen- 1987 dry 30 6 15 10.9 365 Light oil combus- Moritis
falo, SD tal tion in a tight (10 (1998),
Resources md) carbonate Miller
reservoir (1994}
6 S.Buffalo, | Continen- 1983 dry 30 19 40 9.3 1,420 Light oil combus- Moritis
SD tal tion in a tight (10 (1998),
Resources md) carbonate Miller
reservoir (1994)
7 W. Hack- Amoco 1995 dry 33 - - 156 280 Combustion is a Giltham et
berry, LA means to generate al, (1997)
flue gas in situ
and displace
advancing water
column. Oil is
recovered
through gravity
drainage.
8 Mt. Poso, AERA 1997 dry - - - - - Combustion in a Glendt C.
CA steamflooded res- (1995)
ervoir
9 Horse Total 1996 Dry 322 3 11 10 400 Light oil combus- Germain
Creek Minatome fion in a tight (1997)
Field, ND (10md) carbonate M
reservoir
Canada
1 Battrum Mobil 1966 wet 18 15 94 10 3,700 Horizontal wells Moritis
Saskatche Canada are being utilized (1998),
wan since 1993 to Amesetal.
improve recovery (1994)
2 Battrum Mobil 1967 wet 18 7 35 10 1,200 Horizontal wells Moritis
Saskatche Canada are being utilized 1998),
wan since 1993 to Amesetal.
improve recovery (1994)
3 Battrum Mobil 1965 wet 18 3 22 10 1,350 Horizontal wells Moritis
Saskatche Canada are being utilized 1998),
wan since 1993 to Amesetal.
improve recovery (1994)
4 Wabaska Amoco 1994 horizon- 14 1 2 - 260 Horizontal well Fassihi et
w Alberta Canada tal well cyclic combus- al. (1996)
cyclic tion (Pressure Up
combus- Blowdown)
tion (dry)




TABLE 1.1 (Cont.) — Statistics of World’s Active In-Situ Combustion Projects
Coun- Project Operator Date Combus- Qil No. No. of Cur- Current Comments Reference
try Name Initiated tion Type Grav of Pro- rent Produc-
ity, Injec | ducers AOR, tion bbl/D
°API tors Mscf/
bbl
Albania
1 Kasnice - 1973 dry 12 - - - 130 Marko et al.
(1995)
Azer-
baijan
1 Balakh- - 1988 wet 16 6 35 - 600 conlﬁgi.lstion with Maalngggvs) et
an; alkaline water y b
Sabm}\’chi injection Turta (1995)
China
1 Kerxing- CNDC 1996 Dry 29 _ _ _ _ _ _
Nemangu | Nemangu
Hun-
gary ]
1 Demjen- - 1976 wet 39 3 9 14 270 Catalyzed wet Mamedov et
Kelet co stion al (1995),
(Thermocatalytic Racz (1962)
Process)
India
1 Balol Oil & 1990 wet 15.6 1 4 - 190 Projects likely to Moritis
Nat'l Gas be expanded 8}?98&1‘0}’
Corp. fieldwide in 1996 ?1“9953"3’
2 Lanwa Oil & 1992 wet 135 1 4 -- 165 Moritis
Nat'l Gas (1998)
Corp.
3 Balol Ofl & 1996 Dry 156 _ _ _ _ _ _Moritis
Nat'l Gas - (1998}
Corp.
4 Santhal Oil & 1996 Dry 17 _ _ _ _ _ _Moritis
Nat'l Gas (1998)
Corp.
5 Bechraii Oil & 1996 Dry 15.6 _ _ _ _ _ _Moritis
Nat'l Gas (1998)
Corp.
Kaza-
khstan
1 Karazhan - 1981 wet 223 78 364 72 4,150 Combustion with Mamedov et
. | dligime water | 200
injection al. (1991),
Bakserman
et al. (1987)
Roma-
nia
1 Saplacau - © 1964 wet 159 132 507 123 8,800 World's largest Turta (1995),
de Barcau combustion Machedon
project (1995)
2 W. Videle - 1980 dry 19 19 50 17 610 Turta (1995),
Machedon
(1995)
3 E. Videle - 1979 dry 19 33 89 21 660 Turta (1995),
Machedon
(1995)
4 W. Bal- - 1975 dry 19 22 60 245 820 Tuarta
aria (1995),
Machedon
(1995)




TABLE 1.1 (Cont.) — Statistics of World’s Active In-Situ Combustion Projects
Coun- Project Operator Date Combus- Oil No. No. of Cur- Current Comments Reference
try Name Initiated tion Type Grav of Pro- rent Produc-
ity, Injec | ducers AOR, tion bbl/D
°API tors Mscf/
bbl
Roma- E. Balaria - 1987 dry 16 15 47 22.5 550 Turta
nia (1995),
(cont'd Machedon
) (1995)
Russia
1 Okha - - - 174 - - - 180 No details on this Mamedov
pilot project is etal.
available (1992,1995)

According to the Qil and Gas Journal’s biannual EOR survey (Moritis, 1998) about 1.3 billion
b/d of oil is being produced worldwide using thermal methods, which is about 2% of the world’s cur-
rent oil production. Steam and hot water account for 97.8% of all thermally produced oil in the world.
Combustion accounts for the rest. In the U.S. combustion accounts for about 1.2% of the 446,430 bar-
rels of thermally produced oil. In Canada excluding the bitumen production by steam, combustion
accounts for about 49% of the estimated 12,870 b/d of thermal oil production. Even though combus-
tion accounts for less than 10% of the world’s thermal projects its share of thermally produced oil is

substantial.

The known distribution of ISC projects in the world and their oil production are shown in Table
1.1 Since the available information on the ISC projects outside of North America are limited, there is

a chance that more ISC projects may be in operation in the world than those included in Table 1.1

Examination of this table shows that while the U.S. leads the world in the number of active ISC
projects, individual projects outside the U.S. produce more oil than all the U.S. projects combined.
For example, the Supalcu de Barcau project in Romania, the world’s largest active ISC project, pro-
duces nearly 1.7 times as much oil as all the U.S. projects combined. However, the per well produc-

tion of U.S. projects (average 28 b/d per well) are much higher than those of most countries.

U.S. ISC Activities

A total of 228 combustion projects (dry, wet, and enriched air) have been implemented in the

U.S. since 1950. Thirty-seven projects were deemed commercially successful, while another 54




projects were technically successful (i.e., combustion resulted in additional oil production, but the

economics are dubious). California, Texas, and Oklahoma accounted for the bulk of the combustion
- projects implemented in the U.S. Texas also accounted for all the oxygen (enriched air) combustion
projects implemented in the U.S. Both the majors and independents were active ISC players in the

U.S. The U.S. in-situ combustion activities by decade are summarized in Table 1.2.

TABLE 1.2 — U.S. In-Situ Combustion Activities

Decade  Total No. Economi- Technically  Unsuccess-  Percent Percent of Per-
of cally Suc- Successful  ful Projects  of Eco- Technical  centof:
Projects cessful Projects nomic  Successful Fail-

Projects Success (including ures
economic)

- 1950-59 14.2 38.1 61.9

196069 126 40.2 59.8

1970-79 . 36.4 54,5 455
1980-89 . 227 455 54.5
1990~ - - -

Total

The breakdown of projects by state is depicted in Table 1.3. Both majors and independents were

active players in the U.S. A talley of projects initiated by majors and independents are shown in Table
14.

Examination of Table 1.2 shows a sharp decrease of new projects since 1970. However, the per-
cent of the project considered successful (technically and/or economically) remain constant, averag-

ing about 40%.

Examination of Table 1.3. shows that U.S. Gulf Coast states (Arkansas, Louisiana, Mississippi,
and Texas) accounted for 38% of all ISC projects implemented in the U.S. and 62% of all commer-

cially successful combustion projects. Texas and Louisiana accounted for nearly all of the combustion




projects conducted in this region. Texas also accounted for all the oxygen (enriched air) combustion

projects implemented in the U.S.

The following general observations can be made with regard to U.S. combustion projects.

Majority of the past U.S. combustion projects is small experimental pilots undertaken to

assertion the suitability of the process to recover heavy oil from shallow reservoir.

Only about 20% of the U.S. combustion pilots, undertaken prior to 1980 matured to become

commercial projects.

Projects undertaken by larger operators generally tend to be more successful then those initi- -

ated by smaller independents.

The oxygen or oxygen-enriched air combustion pilots were all technically successful, but

terminated due to declining crude prices.

The most common causes of failure of earlier pilots have been lack of reservoir continuity,
channeling or bypassing of injected air, poor crude combustion characteristics, inadequate

compression capacity, and well failures.

The current emphasis is to implement combustion projects in deep light oil reservoirs, where
waterflood economics are unattractive. In these reservoir combustion is used primarily as a
means to generate flue gas in-situ and the thermal effects play lesser role in the production

of oil.

1




TABLE 1.3 — Geographical Distribution of U.S. Combustion Projects

State Economic  Technical Failed Total
Success Success Projects
1950-39

1. Arkansas — — — —
2, California 1 2 7 10
3. Colorado — — — —
4. Ilinois 0 1 1 2
5. Kansas 1 0 2 3
6. Kentucky 0 0 2 2
7. Louisiana 1 1 0 2
8. Missouri — — — —
9. Montana 0 0 2 2
10. Mississippi 0 0 1 1
11. Nebraska — — — —
12.  New Mexico — — — —
13.  New York 0 0 1 1
14. N. Dakota — — — —
15. Oklahoma 2 3 0 5
16.  Pennsylvania — — — —
17. S. Dakota — — — —
18. Texas 0 2 7 9
19. Utah 0 0 1 1
20. W. Virginia — — — —
21. Wyoming 1 1 2 4

Total 6 10 26 42




TABLE 1.3 (Cont.) — Geographical Distribution of U.S. Combustion Projects

State Economic  Technical Failed Total
Success Success Projects

1960-69

1. Arkansas 0 1 0 1
2. California 3 20 26 49
3. Colorado 0 0 1 1
4. Illinois 0 1 0 1

5. Kansas 1 1 4 6

6. Kentucky — — — —
7. Louisiana 2 0 1 3

8. Missouri 0 0 2 2

9. Montana 0 0 1 ' )
10. Mississippi , — — — —
11. Nebraska 0 1 0 1
12. New Mexico — — — —

13. New York — — — —
14. N. Dakota — T — — —
15. Oklahoma 2 3 10 13
16. Pennsylvania 0 0 3 3
17. S. Dakota — — —_ —
18. Texas 7 8 24 39
19. Utah . — — — —
20. W. Virginia 0 0 1 1
21. Wyoming 1 0 3 4

Total




TABLE 1.3 (Cont.) — Geographical Distribution of U.S. Combustion Proj.
State Economic Technical Failed Total
Success Success Projects
1970-79
1. Arkansas 0 ; 0 1 1
2. California 3 1 4 8
3. Colorado 0 0 1 1
4. Ilinois — — — —
5. Kansas —_ — — —
6. Kentucky — —_ = —
7. Louisiana 3 1 3 7
8. Missouri — — —_ —
9. Montana — — — —
10. Mississippi 2 0 0 2
11. Nebraska — — — —
12. New Mexico — — —_— —
13. New York — — — —
14. N. Dakota — —_ — -
15. Oklahoma 0 2 2 4
16.  Pennsylvania — — _— -
17. S. Dakota 1 0 0 1
18. Texas 3 2 3 -8
19. Utah 0 -0 1 1
20. 'W. Virginia — — — —
21. Wyoming — — — —
Total 12 6 15 33
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TABLE 1.3 (Cont.)—Geographical Distribution of U.S. Combustion Proj.

State Economic  Technical Failed Total
Success Success Projects
1980-89
1. Arkansas — — — —
2. California 1 1 2 4
3. Colorado — —_ — —
4. Ilinois — — — —
5. Kansas 0 0 2 2
6. Kentucky 0 1 0 1
7. Louisiana 0 0 4 4
8. Missouri — — — —
9. Montana — — — -
10. Mississippi — — — —
11. Nebraska — — — —
12 New Mexico 0 0 1 1
13. New York — — —_— —
14. N. Dakota 1 0 0 1
15. Oklahoma — — — -
16. Perinsylvania — — — —
17. S. Dakota 2 0 0 2
18. Texas 0 2 4 6
19. Utah — — —_ -
20. W. Virginia — — — _
21. Wyoming 1 0 0 1
Total 5 4 13 22
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TABLE 1.3 (Cont.)—Geographical Distribution of U.S. Combustion Proj.

State Economic  Technical Failed Total
Success Success Projects
1990-

1. Arkansas — — — —
2. California — — —_ —
3. Colorado —_ — — —_
4. Illinois — — — —
5. Kansas — — — —
6. Kentucky — — — —_

7. Louisiana 0 1 0 1
8. Missouri — —_ — —
9. Montana — — — —
10. Mississippi — — — _
11. Nebraska -— — — _
12. New Mexico — _— — —
13. New York 3 —_ — —
14. N. Dakota — — —_ —
15. Oklahoma — — — —
16.  Pennsylvania — — — —
17. S. Dakota — — —_ —

18. Texas 0 0 1 1
19. Utah —_— — — —
20. W. Virginia ' — — — —
21. Wyoming —_— — — —

Total 0 1 1 2
Grand Total 39 56 131 226
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TABLE 1.4 — U.S. In-Situ Combustion Project Activities —
Breakdown by Majors and Independents

Decade No. of Technically  Technically  Unsuccess- Percent Percent Eco-
Projects & Economi-  Successful ful Projects  Successful nomically
cally Projects Projects Successful
Successful (Technical &  Projects
Projects Economical)
Majors
1950-59 25 5 7 13 48.0 20.0
1960-69 88 13 28 47 46.6 14.8
1970-79 19 6 2 11 42.1 31.6
1980-89 9 0 2 7 222 0
1990- 1 0 1 0 — —
Total 142 24 40 78 1451 116.9
Independents
1950-59 17 1 3 13 23.5 5.9
1960--69 39 2 6 31 20.5 5.1
1970-79 14 6 2 6 57.1 429 |
1980-89 : 13 4 2 7 46.2 30.8
1990 1 0 0 1 — —
Total 84 13 13 58 131.0 1155

! Percent total (e.g., %/14, = 0.169; “+%/ ,, =0.451)
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Assets and Liabilities of In-Situ Combustion Process

Compared to other improved oil recovery processes, in-situ combustion is a highly complex
process. This complexity was not well understood by most early day in-situ combustion operators.
This resulted in a high rate of project failures in the 1960s, and contributed to the misconception that
ISC is a problem prone process with low probability of success. As a result, operators interest in the
process waned, as reflected by the number of new project implementations since the 1970s (Table
1.2). The truth, however, is that ISC is an attractive oil recovery process and is capable of recovering a
high percentage of the oil-in-place, provided the process is designed correctly and implemented in the

right type of reservoir.

Like other oil recovery processes, ISC has its assets and liabilities and no general criteria can be
specified to assure its success. The probability of an ISC project failure, however, can be minimized
by recognizing its limitations and designing the project accordingly. In this section we enunciate the
advantages and limitations of ISC process and examine critically the reasons cited for its declining

popularity.

' Assets of In-Situ Combustion Process

ISC is a unique oil recovery process. It can be viewed as a combination process. It encompasses
some aspects of nearly every known oil recovery method. These include steam distillation, steam dis-
placement, CO, flood, hydrocarbon miscible flood, immiscible gas (N,) displacement, and water (hot

and cold) flood.

Next to waterflooding, ISC is perhaps the most widely applicable improved oil recovery tech-

nique. The major assets of ISC include the following:

Thermally, it is the most efficient oil recovery process.
» It uses air, the least expensive and the most readily available fluid as injectant.

» ISC can recover oil economically from a variety of reservoir settings. The process has
proven to be economical in recovering heavy oil (10-20°API) from shallow reservoirs (less

than 1,500 ft.), and light oil (>30°API) from deep reservoirs (11,000 ft.).

» Though most combustion projects are implemented in heavy oil reservoirs, it is increasingly
being used to recover light oil from deep reservoirs. In the U.S., more combustion projects

are in operation in light oil reservoirs than in heavy oil reservoirs.




It is an ideal process for producing oil from thin formation. Economically, successful
projects have been implemented in sandbodies ranging in thickness from 4-150 ft. The pro-

cess, however, proved to be most effective in 1050 ft. sandbodies.

Reservoir inhomogeneities have a less detrimental effect on the combustion process than on

steam injection process.

Reservoir pressure has no effect on the technical success of the process. The process has

been successfully implemented in reservoirs ranging in pressure from vacuum to 4,500 psig.

The formation permeability has minimal effect on the process. The process has been suc-

cessfully implemented in formations whose permeability ranges from 5 md to 10,000 md.
Recovery efficiency is better than other oil recovery processes (see Table 1.5).
The process can be implemented as a follow-up to waterflood and steamflood processes.

The process can be applied in reservoirs where waterflood and/or steamflood is not effective.
For example, in deep reservoirs (greater than 10,000 ft.), steam injection is not effective due
to excessive heat losses and high lifting costs rendering waterflood economically unattrac-
tive. In such reservoirs, combustion and gas are the only processes that can be applied to

recover oil economically.

Combustion projects permit the use of wider well spacing and can result in higher ultimate

oil recovery in comparison to steamflood.
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TABLE 1.5 — Recovery Efficiency of In-Situ Combustion Compared to Other EOR Methods
(Hasiba and Wilson, 1975)

Process (A) (B) (C) ™)

Process Areal Vertical Compound

displacement sweep sweep recovery

efficiency, efficiency, efficiency, efficiency,
% % % %
In-Situ Combustion 95 70 85 56
Steamflood 65 70 85 39
Cyclic Steam — — — 20
Micro-Emulsion Flood 90 70 80 50
CO,-Waterflood 80 50 80 32
NaOH-Waterflood 35 70 80 20

NOTE: D= (A) x (B) x (C)

Volumetric sweep efficiency = (B) x (C)

Limitations of Combustion Process

Like all other oil recovery methods, combustion process has its share of shortcomings. Most of

these limitations can be overcome at considerable expense. This has reduced its overall attractiveness.

Following are some less attractive features of ISC:

» Though air is free, it must be compressed and delivered to the formation. The power
required for compressing air together with maintenance costs of the compressor are high
enough that overall costs for delivering air to the reservoir can be substantial. Relative to
energy intensive steam injection operation, the costs for in-situ combustion are lower only
when the formation is less than 40 ft. in thickness. For thicker reservoirs, the heat losses dur-

ing a steam drive are low enough to enable the heat to be delivered at a lower cost.

» Operational problems associated with combustion are more troublesome and require a

higher degree of technical sophistication to solve it. In comparison, steam injection opera-

tions are relatively problem free.

» Unlike the steam injection process design of in-situ combustion processes must be preceded

by expensive laboratory investigations. This is needed to ascertain the burning characteris-
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tics of the crude, fuel availability and air requirements. Thus, planning and design of a com-

bustion project is more expensive.

» Success and failure of combustion process implemented in reservoirs of similar and widely
differing characteristics preclude the development of satisfactory guidelines to screen reser-
voir for combustion application. Expensive pilot is the only satisfactory answer to judge the

feasibility of a particular project.

» The complexity of the in-situ combustion process hinder the development of more sophisti-

cated numerical simulators for complete performance prediction.

While considerable improvements are being made in the application of this technology, niany
operators still view this technology as a high-risk operation. The commercial success of this process
in the deep, extremely low permeability carbonate, and clastic reservoirs in the U.S. had made opera-
tors take a second look at this process. The success of horizontal well combustion technology in the
heavy oil fields of Canada have also contributed to revival of operators’ interest in this process. Cur-
rently several new combustion projects are on the drawing board, and one operator contemplates on

implementing this process in a deep offshore light oil reservoir.

It is likely that the coming decade may see important advances in the application of this process
in reservoirs found in hostile environments. It is also likely that the process will increasingly be
applied to recover light oil in the U.S. and elsewhere. Thus future potential for oil recovery by ISC is

very promising.
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CHAPTER 2 — FUNDAMENTALS OF FIREFLOODING

Introduction
In-situ combustion (ISC) is basically a gas injection oil recovery process. Unlike a conventional
gas injection process, in an ISC process, heat is used as an adjuvant to improve the recovery. The heat
is generated within the reservoir (in-situ) by burning a portion of the oil. Hence, the name in-situ com-
bustion. The burning is sustained by injecting air or an oxygen rich gas into the formation. Often
times this process is also called a fireflood to connote the movement of a burning front within the res-
ervoir. The oil is driven toward the producer by a vigorous gas drive (combustion gases) and water

. drive (water of combustion and recondensed formation water).

The original incentive for the development of the ISC process was the tremendous volume of
difficult to recover viscous oil left in the reservoir after primary production. The process, however, is
not restricted to heavy oil reservoir and at the present time in the U.S. more light (3,280 B/D) than
heavy (1,920 B/D) oil is being produced using this process. In other countn'és, however, this process
is not utilized to recover light oil. It’s use is generally restricted to heavy oil reservoirs not amenable

to steam.

This chapter reviews the different ISC processes and their recovery mechanisms. In subsequent

chapters, various aspects of ISC are discussed in-detail.

In-Situ Combustion Processes

Based on the direction of the combustion front propagation in relation to the air flow, the pro-
cess can be classified as forward combustion and reverse combustion. In the forward process, 'the
combustion front advances in the general direction of air flow; whereas in reverse combustion, the
combustion front moves in a direction opposite to that of the air flow. Only forward combustion is
currently being practices in the field. The forward combustion is further categorized into ‘dry forward
combustion’ and ‘wet forward combustion.’ In the dry process, only air or oxygen enriched air is
injected into the reservoir to sustain combustion. In the wet process, air and water are coinjected into

the formation through the injection well.

Dry Combustion
In this process, air (or enriched air) is first injected into an injection well, for a short time (few
days) and then, the oil in the formation is ignited. Ignition is usually induced using downhole gas

bumners, electric heaters or through injection of a pyrophoric agent (such as linseed oil) or a hot fluid
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such as the steam. In some cases, auto ignition of the in-situ crude occurs. For auto ignition to occur,

the reservoir temperature must be greater than 180°F and the oil sufficiently reactive.

Once ignited, the combustion front is sustained by a continuous flow of air. The combustion or
fire front can be thought of as a smoldering glow passing through the reservoir rather than a raging
underground fire. As the burning front moves away from the injection well, several well characterized
zones are developed in the reservoir between the injector and producer. These zones are the result of
heat and mass transport and the chemical reactions that occur in a forward in-situ combustion process.
The locations of the various zones in relation to each other and the injector are shown in Figure 2.1.
The upper portion of this figure shows the temperature distribution and the fluid saturation from injec-
tion well to producer. The locations of the various zones are depicted in the lower portion of the fig-

ure.
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FIGURE 2.1 — In-Situ Combustion Schematic Temperature Profile

Figure 2.1 is an idealized representation of a forward combustion process and developed based
on liner combustion tube experiments. In the field there are transitions between all the zones. The

concept depicted in Figure 2.1 is easier to visualize and provide much insight on combustion process.




Starting from the injection well, the zones represented in Figure 2.1 are:

The burned zone.

The combustion zone

The cracking and vaporization zone.
The condensation (steam plateau) zone.
The water bank

The oil zone.

The native zone.

These zones move in the direction of air flow and are characterized as follows:

The zone adjacent to the injection well is the burned zone. As the name suggests, it is the area
where the combustion had already taken place. Unless the combustion is complete, which is usually
not the case in the field, the burned zone may contain some residual unburned organic solid, generally
referred to as coke. Analysis of cores taken from the burned portion in the field indicate as much as
2% coke and saturated with air. The color of the burned zone is typically off-white with streaks of
grays, browns and reds. Since this zone is subjected to the highest temperature for a prolonged period,
they usually exhibit mineral alteration. Because of the continuous influx of ambient air, the tempera-
ture in the burned zone increases from formation temperature near the injector to near combustion

temperature in the vicinity of combustion zone.
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FIGURE 2.2 — Schematic of Temperature Profile for Dry Combustion
' (After Moore et al., 1996) '
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Immediately ahead of the burned zone is the combustion zone. The combustion zone is where
reaction between oxygen and fuel takes place generating heat. The combustion zone is a very narrow
region (usually no more than a few inches thick) (see Figure 2.2) where high temperature oxidation
(burning) takes place to produce primarily water and combustion gases (carbon dioxide CO, and car-
bon monoxide CO). The fuel is predominantly coke, which is formed in the thermal cracking zone
just ahead of the combustion zone. Coke is not pure carbon, but a hydrogen deficient organic material
with an atomic hydrogen to carbon (H/C) ratio between 0.6 and 1.6, depending upon the thermal
decomposition (coking) conditions. The temperature reached in this zone depends essentially on the

‘nature and quantity of fuel consumed per unit volume of the rock.

Just downstream of the combustion zone lies the cracking/vaporization zone. In this zone the
high temperature generated by the combustion process causes the lighter components of the crude to
vaporize and the heavier components to pyrolyze (thermal cracking). The vaporized light ends are
transported downstream by combustion gases and are condensed and mixed with native crude. The
pyrolysis of the heavier end results in the production of CO,, hydrocarbon and organic gases and solid
organic residues. This residue, nominally defined as coke, is deposited on the rock and is the main

fuel source for the combustion process.

Adjacent to the cracking zone is the condensation zone. Since the pressure gradient within this
zone is usually low, the temperature within the zone is essentially flat (300—550°F) and depends upon
the partial pressure of the water in the vapor phase. Hence, the condensation zone is often referred to
~ as the steam plateau. Some of the hydrocarbon vapor entering this zone condenses and dissolves in
the crude. Depending on the temperature, the oil may also undergo ‘visbreaking’ in this zone, thus’
reducing its viscosity. Visbreaking is a mild form of thermal cracking. This region contains steam, oil,
‘water, and flue gases, as these fluids move toward the producing well. Field tests indicate that the

steam plateau extends from 10-30 ft. ahead of the burning front.

At the leading edge of the steam plateau where the temperature is lower than the condensation
temperature of steam, a hot water bank is formed. This bank is characterized by a water saturation
higher than original saturation. An oil bank proceeds the water bank. This zone contains all the oil

that has been displaced from upstream zones.
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Beyond the oil bank lies the undisturbed zone which is yet to be affected by the combustion pro-
cess, except for a possible increase in gas saturation due to flow of combustion gases (CO,, CO, and

N,).

The overall fluid transport mechanism in a combustion process is a highly complex sequence of
gas drive (combustion gases), water drive (recondensed formation water and water of combustion),

steam drive, miscible gas and solvent drive.

Although the bank concept approach described above provides much insight on the combustion
process, it is not a true representation of the field behavior. In the field, various zones are not readily
identified and there are considerable overlaps between zones. Further, the relative locations of the var-
ious zones and the sequence in which they occur may also be different from that described previously.
This difference arises mainly because of the heterogeneous nature of the reservoir. Reservoir hetero-

geneity causes the fluid and heat fluxes to be different at various points of the combustion region.

The fluid distribution within each of these zone is influenced by the temperature profile as well
as the relative permeability characterization of the formation. The chemical properties of the oil that is
left behind by the steam bank determine the amount of coke that will be laid down, which in turn

determines the amount of air that must be injected to consume this coke.

Wet Combustion

In the dry forward combustion process, much of the heat generated during burning is stored in
the burned sand behind the burning front and is not used for oil displacement. The heat capacity of
dry air is low and, consequently, the injected air cannot transfer heat from the sand matrix as fast as it
is generated. Water, on the other hand, can absorb and transport heat many times more efficiently than
can air. If water is injected together with air, much of heat stored in the burned sand can be recovéred
and transported forward. Injection of water simultaneously or intermittently with air is commonly
known as wet, partially quenched combustion. The ratio of the injected water rate to the air rate influ-

ences the rate of buming front advance and the oil displacement behavior.

The injected water absorbs heat from the burned zone, vaporizes into steam, passes through the
combustion front, and releases the heat as it condenses in the cooler sections of the reservoir. Thus,
the growth of the steam and water banks ahead of the burning front are accelerated, resulting in faster
heat movement and oil displacement. The size of these banks and the rate of oil recovery are depen-

dent upon the amount of water injected.
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Depending upon the injected water air ratio wet combustion process is classified ar
wet combustion” (Figure 2.3) “normal wet combustion” (Figure 2.4) and super wet or ¢

bustion (Figure 2.5). At low rates (incomplete wet combustion), the injected water

superheated steam, as it moves toward the combustion front. In this case the injected water f
recover all the heat from the burned zone. At higher water injection rate (normal wet combustion), the
injected water will recuperate all the heat from the burned zone. At even higher water injection rate
(super wet combustion) the maximum temperature at the burning front declines. The operating pres-
sure influences the temperature of the combustion zone during superwet combustion. The temperature
and the saturation profiles for the three modes of wet combustion are depicted in Figures 2.6-2.8

(Moore and Mehta, 1996).

Laboratory studies and field tests have also .shown that water-assisted combustion reduces the
amount of oil burned as fuel. This behavior increases the amount of oil displaced but, more impor-
tantly, it decreases the quantity of air required to burn a specified volume of reservoir. The mechanism
causing the fuel deposit to be decreased during wet combustion is believed to be the increased avail-
ability of hydrogen in the combustion zone. A portion of the fuel deposit hydrogenates and becomes
mobilized, moving out of the combustion region unburned. The decrease in fuel deposit and air

requirement can amount to over 25% improvement in process efficiency.

Quenched (super wet) combustion is a modification of the wet combustion process that attempts
to decrease the air requirement even further. The process does not increase oil recovery, but increases
the velocity of the combustion front and reduces compression costs. Water is injected at much higher
rates than normal wet combustion. The increased heat, transported by the steam as it passes through to
burn front, cauées combustion temperatures to decrease. The temperature becomes lower than
required for burning at the trailing edge of the front causing the oxygen to pass through the region

unreacted. Therefore, a portion of the fuel deposit is bypassed, reducing air requirements.

Quenched combustion is more applicable in heavy oil reservoirs and less feasible for high grav-
ity oils with low fuel deposits. The process has been patented and field tested by Amoco as the COF-
CAW method. Laboratory studies have shown that water rates from 500-1,000 bbl/million scf air
result in quenching of the combustion zone and reduced air requirements. Insufficient field tests have
been performed to verify the technical merits of quenched combustion. Cities Service’s experience in
the Bodcau in-situ combustion project (Joseph et al., 1980) showed that a water/air ratio of 250 bbl/

million scf shows much improved burning characteristics compared to dry combustion. However,
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timum water rates are very difficult to determine because they are affected by reservoir inhomoge-
neities. Segregation of the fluids could result in extinguishing of the firefront and sacrificing of some
of the intended benefits of the process. Only operating experience in a particular reservoir will allow

selection of the best water/air ratio to maximize recovery and economics.

To summarize, the dry combustion process burns part of the crude and displaces the rest. The
heat utilization for displacement of oil is poor. In wet combustion processes, a smaller amount of
crude is burned as fuel, and heat utilization and oil displacement are more efficient, resulting in
improved recovery rates. The most important aspect of partially quenched combustion is that the
‘burning front advances at a faster rate due to burning only part of the fuel deposit. This results in

shorter project life and reduced compressed air requirements compared to dry combustion.

Reverse Combustion

In heavy oil, reservoir forward combustion is often plagued with injectivity problems because
the oil has to flow from the heated, stimulated region to cooler portions of the reservoir. Viscous oil
becomes less mobile and tends to create barriers to flow. This phenomena is especially prevalent in
very viscous oils and tar sands. A process called reverse combustion has been proposed and found
technically feasible in laboratory tests. The combustion zone is initiated in the production well and'
moves toward the injector; counter current to fluid flow. The injected air has to travel through the res-
ervoir to contact the combustion zone. The basic concept in reverse combustion is that the major por-
tion of the heat remains between the production well and the oil when it is mobilized. Therefore, once

the oil begins to move, very little cooling occurs to immobilize the oil.

The operating principles of reverse combustion are nof as well understood as those for the for-
ward mode. Although the combustion process is essentially the same, its movement is not controlled
by the rate of fuel burn-off but by the flow of heat. As explained in the section on dry in-situ combus-
tion, the three things required for burning are oxygen, fuel, and elevated temperature. During reverse
burning, oxygen is present from the injection well to the combustion zone. The fuel is present
throughout the formation. The factor which determines where the burning occurs is the high tempera-
ture which occurs at the producing well during ignition. As the heat generated during the burning ele-
vates the reservoir temperature in the direction of the injector, the fire moves in that direction. The
combustion front cannot move toward the producer as long as all the oxygen is being consumed at the
fire front. Thus, the combustion process is seeking the oxygen sources but can move only as fast as the

heat can generate the elevated temperatures.




The portion of the oil burned by forward and reverse combustion is different. Forward combus-
tion burns only the cokelike residue, whereas the fuel burned in reverse combustion is more of an
intermediate molecular weight hydrocarbon. This is because all of the mobile oil has to move through |
the combustion zone. Therefore, reverse combustion consumes a greater percent of the oil in place
than forward combustion. However, the movement of oil through the high temperature zone results in
considerably more cracking of the oil, improving its gravity. The upgrading process of reverse com-

bustion is very desirable for tar-like hydrocarbon deposits.

Although reverse combustion has been demonstrated in the laboratory, it has not proven itself in
the field (Trantham and Marx, 1966). The primary cause of failure has been the tendency of spontane- |
ous ignition near the injection well. However, projects in the tar sands are being considered which
attempt to use reverse combustion along fractures to preheat the formation. As the burn zone nears the

injection well, the air rate is increased, and a normal forward fireflood is commenced.

Other Processes Variation
A number of variations to the basic combustion process have been proposed over the last 50
years and a few field-tested with mixed results. These variations were purportedly to improve the
effectiveness of the basic (dry or wet) combustion process under certain conditions. The suggested

variations include:
1. Heat wave process.
2. Cyclic dry combustion.
3. Cyclic wet combustion.
4. Burn and Turn (Pressure up-Blow down Combustion or BP process).
5. Steam-Oxygen co-injection process.
6. Steam chamber process.
7. COSH (Combustion Override Split production Horizontal well process.
8. Oxygen recycled produced gas process.

Only the first four variations have been field-tested. Moore et al. (1994) has reviewed these

variations and the interested reader is directed to this reference for additional details on these process.
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CHAPTER 3 — KINETICS AND COMBUSTION TUBE STUDIES

Introduction

Unlike steam injection process, where the oil composition and rock minefalogy has minimal
impact on oil recovery, these parameters play a major role on the outcome of an in-situ combustion
(ISC) process. This is because, the ISC depends for its existence on the occurrence of chemical reac-
tions between the crude oil and the injected air within the reservoir. The extant and nature of these
chemical reactions as well as the heating effects they induce depends on the features of the oil-matrix
system. The reservoir rock minerals and the clay contents of the reservoir are known to influence the
. fuel formation reactions and their subsequent combustion.Hence a qualitative and quantitative under-
standing of in-situ combustion chemical reactions and their influence on the process is critical to the

design of the process and interpretation of the field performance.

The objective this chapter is to present an overview of the principal chemical reactions associ-
ated with the ISC process and to describe the various experimental techniqués utilized to obtain pro-
cess and design informations necessary for the implementation of the process in the reservoir of

interest.

Chemical Reactions Associated with In-Situ Combustion
The chemical reactions associated with the in-situ combustion process are numerous and occur
over different temperature ranges. Generally, in order to simplify the studies, investigators grouped
these competing reactions into three classes: (1) low temperature oxidation (LTO), (2) intermediate
temperature, fuel formation reactions, and (3) high temperature oxidation (HTO) or combustion of the

solid hydrocarbon residue (coke).

» The LTO reactions are heterogeneous (gas/liquid) and generally results in production of par-

tially oxygenated compounds and little or no carbon oxides.

+ Medium temperature, fuel formation reactions involve cracking/pyrolysis of hydrocarbons
which leads to the formation of coke (a heavy carbon rich, low volatility hydrocarbon frac-

tion).

» The high temperature fuel combustion reactions are heterogeneous, in which the oxygen
reacts with unoxidized oil, fuel and the oxygenated compounds to give carbon oxides and

water.




Low Temperature Oxidation‘

During in-situ combustion the hydrocarbons initially present in the oil undergo two types of
reaction with the oxygen (injected air) depending upon the prevailing temperature. Those reactions
which occur at temperatures below 400°F are defined as the low tempefature oxidation (LTO) and the
other being the high temperature oxidation (HTO). Unlike the HTO, which produces CO,, CO, and
water (H,O) as its primary reaction products, LTO yields water and partially oxygenated hydrocar-
bons such as carboxylic acids, aldehydes, ketones, alcohols, and hydroperoxides (Burger et al., 1972).
Thus LTO can be thought of as oxygen addition reactions. LTO occurs even at low reservoir tempera-
ture and is caused by the dissolution of oxygen in the crude oil. The degree of dissolution depends
upon the diffusion rate of oxygen molecules in the crude (Burger et al., 1972) at reservoir tempera-

ture. Light oils are more susceptible to LTO than heavy oils.

LTO reactions are highly complex and not well understobd. However, it is believed that LTO
reactions consist of condensation of low molecular weight components to higher molecular weight
products. Compositionally LTO has been found to increase the asphaltene content of the oil and to
decrease its aromatic and resin contents (Moschopedis and Speight, 1975; Babu and Cormack, 1984;

Adegbesan et al., 1987).

LTO have been shown to increase the original oil’s viscosities, boiling range and densities
(Alexander et al., 1962; Bousaid and Ramey, 1968; Severin et al.; Babu and Cormack, 1984). It has
been shown that LTO reaction increases the amount of fuel available for combustion (Alexender et al.,
196; Al-Saadon, 1970) and causes a substantial decline in recoverable oil from the distillation and

- cracking zones (Dabbous and Fulton, 1974).

Low air fluxes in the oxidation zone resulting from reservoir heterogeneities and oxygen chan-
nélling promote LTO reactions. Poor combustion characteristics of the crude also tend to promote
LTO due to low oxygen consumption. In heavy oil reservoirs, LTO tends to be more pronounced
when oxygen, rather than air, is injected into the reservoir. To rectify this situation some investigators
recommend adding steam to the oxidizing gas stream (Scarborough and Cady, 1982). The rationale
behind this suggestion is that the addition of steam to the oxidizing gas stream will lower the oxygen
partial pressure at the burning front and modify the kinetic reaction that creates the heat needed to

promote and sustain combustion.




Moore (Moore, 1993) made the following observations with regard to LTO.

“LTO are generally believed to occur at temperatures of less than 600°F, but this
temperature range is very oil dependent. It is very difficult to assign a tempera-
ture range to LTO region because the carbon oxide reactions (C-C bond cleav-
age) are begin to occur at temperatures between 270°F and 320°F. LTO
reactions are evidenced by a rapid increase in the oxygen uptake rate as well as
the generation of carbon oxides, but their characteristics feature is that there is a
decline in the oxygen reaction rate at temperatures in the range of 450-540°F.
This gives rise to the negative temperature gradient region, (Figure 3.1) which
is a temperature interval over which the oxygen uptake rate decreases as the

temperature increases.”
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FIGURE 3.1 — Schematic of Dry Combustion Temperature Profile Showing the
General Effect of Temperature on Oxygen Uptake Rate for Heavy Oils and
the Negative Temperature Gradient Region (After Mehta and Moore)
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Failure of the reaction temperatures to transcend the negative temperature gradient region will
lead to a very low oil displacement efficiency, This is because the oxygen addition reactions cause
vapor phase to shrink significantly and also make the oil less mobile. Because the dominant end prod-
uct of LTO reaction is coke, prolongation of LTO reaction for an extended period can cause the oil to

be permanently trapped in the pores.

The above observations were made based on LTO study of bitumens (Athabasca oil sand). Lab-
oratory LTO studies by Fassihi et al. (1990) on four oils ranging from 31.1-10.1°API and from 14—
54,300 cp dead oil viscosity indicate LTO has insignificant effects on either composition or viscosity
of light oil (31.1°API). LTO of light oils does not significantly affect either their mobility or recovery.
Yannimaras (1997) also observed similar trend in their laboratory air injection study of various light
crudes. However, LTO dramatically affect the mobility of heavier crudes (i.e., those with high
asphaltenes and resin contents). For these oils LTO increases both the viscosity and density which in
turn affect their recovery. Pre-oxidation of the heavy crude at lower temperatures also greatly
increases the fuel availability and subsequent air requirements for combustion. Thus conditions that
promote LTO reactions must be minimized during the in-situ combustion of heavy oils. Further, dur-
ing LTO certain reactive species in the oil often produce unstable hydroperoxide intermediates. Their

decomposition releases much heat and can cause the oil to autoignite (Smith and Schweyer, 1967).

The Pyrolysis Reactions

As the reservoir temperature raises, the oil undergo a chemical change called pyrolysis. Pyroly-

sis reactions (intermediate temperature oxidation reactions (ITO)) are often referred to as the fuel

deposition reactions in the ISC literatures, because these reactions are responsible for the deposition

of “coke” (a heavy carbon rich low volatility hydrocarbon fraction) for subsequent combustion. Oil

- pyrolysis reactions are mainly homogeneous (gas-gas) and endothermic, (heat absorbing) and involve
three kinds of reactions: dehydrogenation, cracking and condensation. In the dehydrogenation reac-

‘tions the hydrogen atoms are stripped from the hydrocarbon molecules, while leaving the carbon

| atoms untouched. In the cracking reactions, the carbon — carbon bond of the heavier hydrocarbon
molecules are broken, resulting in the formation of lower carbon number (smaller) hydrocarbon mol-
ecules. In the case of condensation reactions, the number of carbon atoms in the molecules increases
leading to the formation of heavier carbon rich hydrocarbons. The oil type and the chemical structure

of its constituent hydrocarbons determine the rate and extent of the different pyrolysis reactions.




The paraffins (straight chain hydrocarbons) do not undergo condensation reactions. At 700—
1250°F they undergo dehydrogenation and/or thermal cracking reactions depending upon the length
of the hydrocarbon chain. In general short chain hydrocarbons (methane through butane) undergo
dehydrogenation and the larger molecules undergo cracking. Cracking reactions are usually initiated
by the cleavage of the carbon-carbon bond, followed by the hydrogen abstraction (dehydrogenation)
reaction. The dehydrogenation molecules than recombine to form heavier molecules, eventually lead-
ing to the formation of “coke”. Thus the larger straight chain molecules after prolonged heating or
when subjected to sufficiently high temperature often produce “coke” and considerable amounts of

volatile hydrocarbon fractions.

The aromatic compounds (benzene and other ring compounds) undergo condensation reaction
rather than degradation reactions (cracking) at 1200-3000°F. In the condensation reaction the weak
C-H bonds of the ringed molecules are broken and replaced by a more stable C-C bonds and leads to
the formation of a less hydrogenated polyaromatic molecule. When subjected to further heating these
condensation products losses more of the hydrogen and recombines to form heavier carbon rich poly-

molecules, eventually leading to the formation of large graphite like macromolecules.

Laboratory pyrolysis studies on heavy (14-16°API) California crudes (Abu-Khamsin et al.,
1988) indicate that the pyrolysis of crude oil in'porous media goes through three overlapping stages:
distillation, visbreaking, and coking. During distillation, the oil loses most of its light gravity and part
of its medium gravity fractions. At higher temperatures (400-540°F), mild cracking of the oil (vis-
breaking) occurs in which the hydrocarbon lose small side groups and hydrogen atoms to form less
branched compounds, that are more stable and less viscous. At still higher temperatures, (above
550°F) the oil remaining in the porous medium cracks into a volatile fraction and a non volatile car-
bon rich hydrogen poor residue often referred to as “coke”. Coke is defined as the toluene insoluble
fraction of an oil and generally contains 80-90% carbon and 3-9% hydrogen. Both visbreaking and
cracking reactions produce hydrogen gas and some light hydrocarbons in the gas phase. It is further
observed that distillation of crude oil at low temperatures plays an important role in shaping the
nature and extent of the cracking and coke formation reactions. High operating pressures generally

lead to the formation of more fuel that is leaner in hydrogen.




Researchers at the University of Calgary have for over 20 years studied various aspects of in-

situ combustion and they describe the bitumen pyrolysis reaction as:
Bitumen — Maltenes
Maltenes — Asphaltenes
Asphaltenes — Coke
Asphaltenes — Gas

Maltenes are crude oil fractions which are pentane and toluene soluble and may be further sepa-
rated into saturates, aromatics, and resins using liquid chromatography. The asphaltenes are toluene
soluble but pentane insoluble fraction of the bitumen. Coke is defined as the fraction insoluble in tol-
uene. Thermal cracking of asphaltene to coke has a long induction period (initiation time). This

induction period decreases as the cracking temperature increases.

High Temperature Oxidation
The reaction between the oxygen in the injected air and the coke at temperatures above 650°F
are often referred to as the high temperature oxidation (HTO) or combustion reactions in the ISC liter-
atures. Carbon dioxide (CO,), carbon monoxide (CO), and water (H,O) are the principle products of
these reactions. HTO are heterogeneous (gas-solid and gas-liquid) reactions and are characterized by
consumption of all of the oxygen in the gas phase. The stoichiometry of the HTO reaction (chemical

equation) is given by:

m

]co2 + -Z—Hzo (3.1)
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where n = atomic ratio of hydrogen to carbon
m = molor (mole percent) ratio of produced CO, to CO

m = zero in the case of complete combustion to CO, and H,O

The heat generated from these reactions provides the thermal energy to sustain and propagate

the combustion front.




Studies indicate though, HTO is predominantly a heterogeneous flow reaction and the burning
process involve a number of transport phenomena. Combustion (oxidation) is a surface controlled

reaction and can be broken into the following steps (Scarborough and Cady, 1982):

1. Diffusion of oxygen from the bulk gas stream to the fuel surface.

2. Absorption of the oxygen at the surface.

3. Chemical reaction with the fuel.

4. Desorption of the combustion products.

5. Diffusion of the products away from the surface and into bulk gas stream.

If any of these steps is inherently slower than the remaining steps, the overall combustion pro-
cess will be controlled by that step. In general chemical reactions (step 3) proceed at a much faster
rate than the diffusional processes. Therefore, the overall combustion rate likely to be diffusion con-

trolled.

The issue whether the chemical reaction rate or the oxygen diffusion rate controls the combus-
tion process is rather controversial. Some investigators (Dabbous et al., 1974; Lin et al., 1984) found
that the combustion reaction was diffusion controlled, while others found it to be chemical reaction
controlled (Hughes et al., 1987; Fassihi and Brigham, 1982; Burger, 1976). Islam et al., 1989, contend
that the laboratory experiments are almost always conducted under rather ideal conditions, and the
experiments conducted under such ideal situations permit oxygen interfacial mass transfer rate to be
quite high and thus likely to mask the influence of diffusion on the combustion reactions in the reser-
voir. Other investigators contend that the overall combustion rate is dependent on the oxygen concen-
tration (partial pressure) at or near the combustion front. At high air fluxes the reaction is rate

controlled and at tow air fluxes the reaction is diffusion limited.

Reaction Kinetics
Reaction kinetics can be defined as the study of the rate and extent of chemical transformation
of reactants to product. Though, simplistic this definition is accurate for this study. The study of reac-

tion kinetics for the in-situ combustion process is undertaken for the following reasons:

1. To characterize the reactivity of the oil.

2. To determine the conditions required to achieve ignition and or to determine if self ignition

will take place in the reservoir upon air injection.




3. To gain insight into the nature of fuel formed and its impact on combustion.

4. To establish parameter values for the kinetic (reaction rate) models used in the numerical

simulation of ISC processes.

Combustion of crude oil in porous media is not a simple reaction but follows several consecu-
tive and competing reactions occurring through different temperature ranges (Fassihi et al., 1984).
Since crude oils are made up of hundreds of compounds, an explicitly correct kinetic representation
* of crude oil oxidation reaction would require an inordinately large number of kinetic expression.
However, this is not feasible because these compounds undergo reactions that cannot easily be
described. This complexity is linked to chemical structure of the individual hydrocarbon. Many of
them contain several coexisting C-H bonds which can react successively or simultaneously and often
produce intramolecular reactions. Detailed models for hydrocarbon oxidation reactions are available

only for the simplest hydrocarbon molecules and are made up of several reaction steps (equations).

Detailed hydrocarbon oxidation model even if exist, cannot currently be included in multidi-
mensional in-situ combustion simulators, because the computer size, speed, and cost requirements of
such a treatment would be too great. Detailed oxidation models have been developed and validated for
only the simplest fuel molecule and are not available for most practical fuels. However, very simple
models that approximate the oxidation reaction kiﬁetics study of crude oils in porous media have

appeared in literature.

The simplest overall reaction representing the oxidation of a typical hydrocarbon fuel is

Fllel + 111 02 -> Il2 CO + n3 C02 + n4 H20 (3.2)

where the stoichiometry coefficients {ni} are determined by the choice of fuel. This global reaction is
a convenient way of approximating the effects of many elementary reactions which actually occur in
the reservoir during the combustion process. Its rate must therefore represent an appropriate average

of all the individual reaction rates involved.

Most researchers describe the ISC oxidation reaction rates in terms of a simple reaction rate
model that assume functional dependency on carbon (fuel) concentration, and oxygen partial pres-

sure. This widely accepted model is given by:

& - %
dt

= kP;,C;




R, = combustion rate of crude oil,

C; = instantaneous concentration of fuel,

k = rate constant,

P, = partial pressure of oxygen,

a = order of reaction with respect to oxygen partial pressure,
b = order of reaction with respect to fuel concentration.

High temperature carbon and crude oil oxidation studies by Bousaid (Bousaid and Ramey,
1968) and others (Dabbous and Fulton, 1974) indicates first order reaction dependency on fuel con-
centration and 0.5-1.0 order dependency with respect to oxygen partial pressure; i.e., ’a’= 1.0 and ‘b’
=0.5t0 1.0.

The reaction rate constant ‘k’ in Equation (3.3) is often a function of temperature and expressed

by

k=A exp(— %T)
(3.4)

where
A= pr?-exponential factor
E = activation energy
R = universal gas constant = 1.987 cal mole* K-!
T = absolute temperature in °’K

Equation (3.4) is often referred to as the Arrhenius rate equation and the constant ‘A‘ as Arrhe-
nius rate constant in the ISC literature. The constants in Equation (3.4) vary with oil type, pressure,

and other parameters as well.

The units of the constant A, E, and R depends upon the unit selected for mass, pressure, temper-

ature, and time. For example in the literature the pre-exponential factor ‘A ‘is expressed in various
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units such as ‘day! psi'‘, sec’! atm.”‘, ‘ sec! atm.™,” sec! Pa‘, ‘hr! psi™‘, etc. Similarly the activation
energy ‘E’ expressed variously as ‘cal/gm-mole’, ‘Btu / Ib.mole’, ‘J/gm-mole’ etc. The parameters A
and E are functions of rock and crude and must be established experimentally using the crude and
porous medium of interest. ISC process simulators often require kinetic information to calculate the
firefront advancement rate and oil recovery. Experimental determination of kinetic parameters is
expensive and for a quick screening simulation the reported literature values are often used. Hence,

careful attention must be paid to the units when using these kinetic data.

Factors Affecting Oxidation Reactions
Two of the most important factors in the in-situ combustion process are fuel formation and com-
bustion. The physical and chemical processes that govern the ability of a crude to deposit fuel and its
subsequent combustion (oxidation) strongly influences the economics of a combustion project. Too
little fuel deposition may prevent the formation of a sustained, stable combustion front. Likewise, too
large a fuel deposition will result in uneconomically high oxidizing gas requirement. The rate of prop-
agation of the combustion front and the air requirement depend on the extent of the exothermic oxida-

tion reactions, which are controlled by the kinetics of these processes.

A substantial investigative effort has been made over the years in the laboratory to study the:
many factors that affect the crude-oil oxidation reactions in the reservoir. These investigations indicate
that the nature and composition of the reservoir rock and the characteristics of the oil influence the
thermo-oxidative characteristics of the reservoir crudes. The clay and metallic content of the rock, as

well its surface area has a profound influence on fuel deposition rate and its oxidation.

Clays and fine sands, have very high specific surface area. Studies by Fassihi et al., 1984; Vos-
soughi et al., 1982; and Bardon and Gadelle, 1977, indicate presence of clays and fine sands in the
matrix favor ‘incre.ased rates of coke formation. Clays are solid acid catalysts and their catalytic activ-
ities are related to their acid site density and acid strength. Increased clay content increase the acid
site density and acid strength (Tanabe, 1970). Literature on catalytic cracking process (Tanabe, 1970;
Venuto et al., 1979) reveals that increased acid site density and acid strength lower activation energy
(smaller Arrhenius constant), and promote low temperature oxidation and coke formation reactions.
This is particularly advantageous in light oil reservoirs, where fuel deposition can be less than that
needed to sustain combustion. For example the success of the in-situ combustion in the previously
waterflooded May — Libby light oil reservoir (40°API), La is attributed to the influence of the rock
mineralogy (13.5% silt and 10.5% clay) on the fuel formation reaction (Hardy et al., 1972).
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Metals and metallic additives also known to affect the nature and the amount of fuel formed.
Metals are used as catalysts in the petroleum refining and chemical process industries to accelerate
the hydrocarbon oxidation and cracking reactions. In studies undertaken to investigate the effect of |
metal contamination on hydrocarbon cracking reactions, it was found that various metals promote
coke formation and the catalytic effect of these metals was found to be ordered as follows: Cu <V <

Cr = Zn < Ni, with nickel about four to five times as active as vanadium (De los Rios, 1988).

Studies on the effect of reservoir minerals on in-situ combustion indicate metals promote low
temperature oxidation and increase fuel deposition (Burger and Sahuquet, 1972; Fassihi, 1981; Drici
and Vossoughi, 1985). Studies conducted by the researchers at Stanford University (De los Rios,
1988; Shallcross, 1989; Baena, 1990; Holt, 1992) indicate that kinetics of all three oxidation reac-
tions, (LTO, pyrolysis, and HTO) is affected by the presence of metallic additives in the crudé oil.
These researchers also noted that the catalytic activity of a metal is highly dependent on the specific
composition of the crude. The benefits of metallic additives in promoting and sustaining combustion
in a light oil reservoir is documented by Racz (1985). The ability to initiate and propagate the com-
bustion front in this Hungarian reservoir was attributed to the catalytic properties of the metallic addi-

tive which increased fuel concentration.

Tools and Techniques

Kinetic studies of in-situ combustion reactions are carried out using a variety of techniques.
These techniques fall into two categories; qualitative and quantitative. The qualitative techniques
employ thermal analysis instruments such as the ‘Differential Thermal Analyzer (DTA)’, ‘“Thermo-
gravimetric Analyzer (TGA)’, ‘Differential Scanning Calorimeter (DSC)’ and ‘Accelerating Rate
Calorimeter (ARC)’. In the quantitative technique a thin walled plug-flow type reactor cell containing
a sample of oil and sand is heated in a prescribed manner until the designated maximum temperature
is reached. Depending upon whether pyrolysis or oxidation was being studied, nitrogen or air flowed
through the sample. The kinetic parameters are calculated from the chemical analysis of the post test

core-oil samples and effluent gas.

Information on the in-situ combustion design parameters such as the fuel availability, air
requirements, peak combustion temperature, oxygen utilization efficiency, etc., obtained from com-

bustion tube tests.




Thermal Analysis Techniques
Thermal gravimetric analysis (TGA) and differential scanning calorimetry are the most widely
employed thermal analytical tools to study the oxidation kinetics of the combustion process. In the
recent years these also utilized as a screening tool for in-situ combustion. A more recent addition to
the family of thermal analysis tools is the accelerating rate calorimeter (ARC). ARC has been used in
the petroleum industry since the early 1990s mainly by ‘Amoco Oil Co.’, to screen oils for in-situ

combustion application.

TGA and DTA Techniques

In TGA a small sample of crude oil and sand is heated in the presence of ﬂowihg air and the
change in weight of the sample is recorded as a function of temperature or time, i.e., W = f (T or t). If
the temperature of the sample is increased as a linear function of time, the method is referred to as an
non-isothermal TGA. When pressure effects are important, the apparent weight changes are corrected
for buoyancy effects based on the blank run results (Bae, 1977). In differential thermal analysis
(DTA) technique the energy changes of a sample relative to a reference material are recorded as a
function of temperature or time. In practice, the sample temperature is compared continuously with

the reference material temperature and the difference in temperature is recorded.

In TGA technique the change in the weight of the sample (called a conventional TGA curve) or
alternatively the differential of the weight change with respect to temperature dW/dT (called a ‘differ-

ential thermal gravimetric (DTG)’ curve) is plotted against temperature (Figure 3.2).
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In DTA technique the difference in temperature between the sample and the reference material
is plotted against the temperature and a baseline is established by connecting the extreme end of the
DTA curve by a straight line (Figure 3.3). The sample size affects the magnitude of the DTA curve
and the height of the curve is proportional to the weight of the sample.
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FIGURE 3.4 — Typical DTG Thermogram for a Venezuelan Extra Heavy
Oil-Sand Mixture (After Mamora et al., 1993)

The TGA, DTA, and the DTG curves are known as the thermograms. Each crude oil produce a
characteristic thermogram that is quite distinctive from the others. Both the DTA and DTG thermo-
gram produces a series of peaks. The areas under the DTG thermogram peaks (Figure 3.4) are propor-
tional to the total weight change of the sample. The conventional thermal gravimetric analyzer can
plot on the same graph both the TGA and the DTG curves automatically. This DTG thermogram serve
as a complementary piece of information and is easier to analyze for changes from one sample to
next. The DTG curves also tend to be more reproducible than the TGA thermograms and give accu-
rate information of the beginning, the maximum, and end of weight change and is a reproducible fin-

gerprint of the oil. When there are two changes close to each other in temperature, the DTG will
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usually give two distinct sharp peaks. The TG, DTG, and DTA thermograms all can be used to deter-

mine the reaction kinetics. These are discussed briefly in the following paragraphs.

Determination of Kinetic Parameters from Thermogram
Several investigators (Freeman and Carroll, 1958; Coats and Redfern, 1964; Zoaks, 1968; Segal
and Fatu, 1976; Reich and Stivala, 1978; Rock, 1978; Dharwadkar et al., 1978; Reich and Stivala,
1980; Dollimore, 1980) have presented procedures to determine the kinetic parameters of a reaction
from the TGA data. Here we briefly outline the classical Coats and Redfern, 1964, procedure to deter-
mine the kinetic parameters. For additional information the reader is directed to the original refer-

" ence.

The rate of change of weight of a sample (rate of reaction) is related to the reaction rate as:
do/dt=k(1-a) 3.5)
where, .

a = fractional weight change of the sample
= (Wp - Wy) / (Wg - W)
W, = initial sample weight
w, = sample weight at time ‘t’
W, = final sample weight
t =time
k = specific reaction rate
n = order of the reaction

Now let the temperature be linearly increased at a constant rate ‘b‘ defined as

B=dT/dt (3.6)

Here “T” is the temperature at time ‘t’.
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Combining Equations (3.5) and (3.6) we have

da

k n

Substituting the expression for ‘k’ from Equation (3.4) in Equation (3.7) we have

(3.8)

1-n 2
1-(-a)"  ART? 7, 2RT) (_E) forn = 1 (3.9)
1 ~n BE E RT

For large values of E / RT, and taking natural logrithm

1-(-a)™) _ [AR[ 2RTy] E |
In[ d-n)T? ]—ln [ﬁE \1 = }] RT forn=1 (3.10)

and similarly for n = 1 one has for large values of E / RT

(1-a)] . [AR 2RT E _
m{-m - } - h‘[ﬁﬁ (1 i ?)] - = forn=1 3.11)

Assuming ‘n’ = 1, a plot of -ln[-_-lil(—;a-_——(—x-)-] versus 1 /T should result in a straight line of

slope -E / R. The value of E obtained graphically is substituted in Equation (3.11) to calculate the pre-

exponential factor A.

1-(1-a)”
T>(1 - n)

If ‘n’ is = 1 then a plot of In against 1 / T should yield a straight line for the

correct value of ‘n’.This trial and error procedure, though, appear straight forward is not that simple.
Reich and Stivala (1978) modified and simplified Coat and Redfern’s expression (Equation 3.9) and

presented a computer approach (1980) to determine kinetic parameters.




As an alternative to the above we also present the Segal and Fatu’s (1976) approach to the deter-

mination of the kinetic parameters from the TGA thermogram in the following.

Substituting the expression for ‘k’ from Equation (3.4) in Equation (3.5) we have

2= Aep() (1 (3.12)

Taking the common logrithm we have

da) _ . B Iy 3.13
1°g(dt) nlog(l - a) - 53w \T) (3-13)

By keeping the term  ]og (ioi) constant, i.e.

dt
log (E;%) = log K (3.14)
we get
log(1-a) = —2 (1), logX (3.15)

4575n \T/ n

By plotting log (1 - o) against (.;‘_) a straight line is obtained whose slope and intercept allow

calculation of both the activation energy ‘E’ and the reaction order ‘n’. The pre- exponential factor A
can be then calculated from Equation (3.4). For further details about this approach the reader is :

directed to the original work.

Yoshiki and Phillips (1985) presented the following expressions for calculating kinetic parame-
ters from the DTA data. These expressions are applicable to cylindrical cells and were obtained by
modifying the original expressions presented by Bae (1972) for spherical cells. The relevant equa-

tions for an n® order reaction are listed below.

) (exp[ a(tf_ [ )] -1)

exp(a tf) - exp(a t, _ AT, ]
exp(a tf) - eXP(OC ta) AT X exp [a (ta tm)] (3.16)

a

n=1-ep| -a(t-t,)] (3.17)




(3.18)
In (%) +(1-n) (3.19)

E
ﬁ) (3.20)

n = reaction order

E = activation energy

A, = Arrhenius pre-exponential factor
t,, = time of maximum reaction rate

t; = time of completion of reaction

t, = time of any point along DTA curve
ATy = AT at a maximum reaction rate
AT,=AT att,

¢ = heating rate

R = universal gas constant

T, = temperature at which DTA curve departs from the baseline.

The kinetic parameters n, E, and A may be easily determined from the above expressions.

The weight loss mechanism associated with the DTG peaks for crude oils have been identified
by several investigators (Vossoughi et al., 1985; Drici and Vossoughi, 1985; Kharrat and Vossoughi,
1985; Jha and Verkoczy, 1986; Verkoczy and Jha, 1986). In a nonoxidative atmosphere, weight loss
below 500°F is due primarily to distillation with thermal cracking becoming the predominant process

at higher temperatures. Only the carbon rich material remain above 1000°F. In an oxidative environ-
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ment the TGA and DSC curves are more complex. At low temperature, low temperature oxidation

competes with distillation and at intermediate temperature combustion competes with cracking.
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FIGURE 3.5 — Typical DTG Thermogram Showing Various Oxidation
Regime (After Nickle et al., 1987)
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The DSC is similar to DTA in operation and used to obtain enthalpy (heat of reaction) informa-
tion and to delineate the various reaction regimes. In the DSC the energy required to keep a sample
isothermal with a reference material is measured as a function of temperature. Like TGA, DSC also
employ a linear heating rate to simplify the data analysis. In the DSC experiment the amount of heat
released by either the exothermic combustion or the distillation/cracking of the oil samples is deter-
mined from the plot of temperature versus differential heat flow between the sample and the reference
(DSC thermogram). DSC and TGA are complementary thermal analysis techniques and often used

together to obtain maximum information on the oxidation/combustion reactions (Figure 3.5).

In a typical DSC experiment a known mass of sample is weighted into the sample cell and then
placed on the sample platform of the DSC. A similar empty cell is placed on the reference platform of
the DSC (Figures 3.6-3.7). The cells are.then puréed and air or nitrogen-oxygen mixture is flowed
through at the desired rate. The cells are heated at the desired heating rate over the temperature of
interest. The amount of heat caused by either exothermic combustion or cracking of the oil is deter-
' mined from the thermogram. The amount of heat released or absorbed by the sample is proportional
to the area under the thermogram. The areas are converted to the corresponding values of the heat
evolved or absorbed per unit weight of the sample by applying the appropriate instrument calibration

factor.

Shortcomings of Using TGA / DSC Techniques to Evaluate ISC Parameters

In the last decade procedures were developed to utilize TGA / DSC as an inexpensive and rapid
screening tool for in-situ combustion (Vossoughi et al., 1985; Jha and Verkoczy, 1986; Kharrat and
Vossoughi, 1985). As an alternative to combustion tube tests, these investigators proposed.TGA /
DSC based procedures to calculate rapidly such ISC parameters as: fuel laydown, percentage of crude
consumed as fuel, combustion temperature, auto ignition temperature, minimum oil saturation
required to sustain a combustion front and combustion kinetics. The attractiveness of this approach
compared to combustion tube run is that the TGA/DSC techniques are less capital intensive, require
fewer manpower to set-up and operate and the data analysis is less time consuming. The resource

requirements of combustion tube and the thermal analysis techniques are compared in Table 3.1




TABLE 3.1 — Resource Requirements of Combustion Tube and
TGA / DSC Experiments (Nickle et al., 1987)

Description Combustion Tube | TGA /DSC
Capital ($K) 500 - 1,000 75 - 150
Lab. Space (ft?) 100 - 300 10-15
Operating Expense ($K) 10 - 50 02-05
Core (Grams) 3,000 - 5,000 2-3
Man Hours 300 - 500 30-50

The major limitation of this approach is that these procedures often employ experimental céndi- A
tions that are dissimilar to those encountered in a reservoir or in the combustion tube. Hence the
results are likely to be affected by experimental variables such as the heating rate, oxygen partial pres-
sure, purge gas flow rate, sample size, etc. Further, TGA and DSC experiments lack the fluid flow
characteristics of the combustion tube test. Nickle et al. (1987) investigated the effect of experimental
conditions on TGA / DSC generated ISC parameter values, in terms of heat/mass transfer limitations

and reaction kinetics and arrived at the following conclusions:

» The heating rate employed in the TGA / DSC techniques significantly affects fuel laydown.
The fuel laydown increases with decreasing heating rate due to increased LTO at the lower

heating rates.

» Kinetic parameters derived from TGA / DSC data using a first order kinetic model are far
from rigorous and are dependent on the sample heating rate. Hence the TGA / DSC heating

rate must be consistent with the thermal history of the system being simulated.

+ Since reservoir and crude oil minerals catalyze fuel deposition, TGA / DSC screening exper-

iments must be performed using reservoir rock and crude.
» TGA /DSC thermograms are not affected by flow rates.

* The error in TGA sample temperature measurement (AT) increases with increase in: oil sat-
uration, heating rate, sample size, purge gas flow rate, and oxygen concentration. Hence

TGA analysis must be carefully designed to minimize AT.
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« Since in-situ combustion parameters calculated from thermal analysis techniques are
affected by experimental conditions, the conditions used in the TGA / DSC evaluations

should mimic as closely as possible, those found in the system being simulated.

Accelerating Rate Calorimeter (ARC)

The traditional thermal analysis tools (TGA, DTA, DSC) are limited to low and medium pres-
sure operation. The ARC is an instrument that has been developed in the early 1980s to study exother-
mic reaction kinetics at elevated pressure (to 10,000 psi) in the temperature range of interest (60°-
900°F). The Arrhenius activation energy, pre-exponential factor, and order of reaction can all be cal-
culated from the ARC data along with the main exotherm. Though both ARC and DSC are capable of
revealing LTO and HTO reactions, ARC is better suited for studying the interval between LTO and
HTO. The following discussion of ARC is based on the works of Townsend and Tou (1980), Yanni-
maras and Tiffin (1995), and Zelenko and Solignac (1997), supplemented by additional informations
made available to the author by Amoco Exploration and Production Technology Group, Tulsa, Okla-

homa (Yannimaras, 1998).

Pressure
Transducer

Top Zone Thermocouple

Heaters
/ /__

ICHIE

Heater

Bomb

/_ Thermocouple

77 §
Pl Jacket
St
Il ‘

Thermocople

I
;’:‘\\\1 /16" Pressurization

finjection line

.................

\\
\—Spherical
Bomb
Bottom Zone
\\—Bonom Zone Thermocouple

Radient Heater

FIGURE 3.8 — High Pressure Accelerating Rate Calorimeter (ARC) Set-up
(After Yannimaras and Tiffin, 1995)




ARC consist of a small (1 in. diameter) spherical sample holder (bomb), into which the reac-

tants are placed (Figure 3.8). The bomb is then placed inside a precisely heated calorimeter. The
‘ power input to the calorimeter’s heaters is controlled by maintaining the temperature difference
between the bomb and the calorimeter walls to near zero. The temperatures are measured with ther-
mocouples placed on the bomb and on the outer walls of the calorimeter which contains the heaters.
The heat flow toward the outside of the bomb varies according to the difference of temperature
between the bomb and the calorimeter walls. This permit the tracking of rapid exothermic reactions
under strict adiabatic conditions. The key factor in the design and construction of the ARC is the
maintenance of near perfect adiabatic conditions. Once a self heat rate is achieved (limit is 0.02°C /
min or higher) the sample completes its thermal spiral adiabatically, with automatic recording of time,
temperature, and pressure data until the exothermic reaction has gone to completion. A pressure trans-

ducer attached to the bomb head permit the pressure measurement inside the bomb.

Figure 3.8 shows a closed ARC set-up for kinetic study (Yannimaras, 1998). It consist of the
niain unit with the pressure vessel, power unit, thermal control unit, and X-Y plotter. A computer is
used to control the operation of ARC. It also serves to collect and process data and obtain kinetic and

thermal values.

A crude oil sample is usually subjected to ‘closed’ ARC system testing (i.e., fixed amount of air,
initially at reservoir pressure, over the oil sample and near perfect adiabatic operation). The runs starts
at the initial reservoir temperature. After 15 minutes, if the system does not detect a heat rate greater
than the detection threshold of the calorimeter (usually 0.03—-0.04°F per minute), the bomb témpera—
ture is increased by 10°F. This procedure is repeated until a significant rise in temperature due to exo-
thermic reactions bétween the oil and oxygen is noted.Then, the heat rate is adjusted to achieve and
maintain adiabiticity. Finally, when the heat rate drops to near zero, the bomb is heated up again to a

higher temperature to see if reactions start at higher temperature. This is done up to 900°F.

The experimental results are generally presented as plots of log of the rate of exothermic heat
release (°C/min) versus Temperature. Because the reaction is followed adiabatically, no heat is
allowed to cross the system boundaries once combustion is underway. Thus, in the ARC plots, the
presence of a trace over a temperature interval indicates a region of exothermic reaction, while the

absence of experimentally recorded points indicates no reaction (Yannimaras and Tiffin, 1995).
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The ARC usually operates as a closed system, within its permitted pressu;revand temperature
range. This operating mode is satisfactory for obtaining most kinetic parameters associated with the
oxidation of oils. However, since in the reservoir the reaction kinetics are dynamic and affected by
oxygen flux, it is highly desirable to obtain kinetic parameters under flowing conditions. Hence ARC
set-up is often modified to operate it as a flowing system at any pressure up to the system’s pressure
limit. A schematic of such a system is shown in Figure 3.9 (Yannimaras, 1998). Flowing ARC studies
indicate that the LTO / HTO kinetics from such a system tend to approach those of closed system at

. near zero flow rates.

ARC Theory

ARC assume a single reaction model. Starting with the Arrhenius rate expression (eqn. 3.5) and

-dC
applying the mass (_let_ = kCS) and energy conservation equations to an adiabatic system such as

the ARC and after algebraic manipulation, the following expression is obtained (Yannimaras, 1998):
dT { -E\

== = A =
dt P\ k1)

: T, - T
Co (T, - T,) [TF_ T } (3.22)
F 0
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where
T = sample (bomb) temperature, at any time during an exotherm

t = time

A = pre-exponential factor

R = universal gas constant

C, = initial sample concentration, constant

n = reaction order

Tg = final exotherm temperature

T, = initial exotherm temperature

Defining

dT

-E
k' = kGt = Aexp(ﬁ) Cy' and mT = =

~a quantity experimentally obtained from an ARC run we obtained

kT _ mT TF - TO (323)
I.-T,) | T -T
By plotting k’ versus T, on log scales, one obtain ‘n’ as the slope of best fit straight line.

Also from the definition of ‘k’ ¢, we obtain

RT,T. /k/\
E = —12 In/* 24
T,-T \/k/ 324

i.e., from the same plot, the activation energy E is determined as the slope of the best fit straight line.




Limitations of ARC Tests

ARC tests permit the rapid determination of oxidation kinetic parameters. The results, however,

are only qualitative due to system’s inherent shortcomings. In ARC tests the kinetic parameters (acti-
vation energy and order of reaction) are calculated assuming a single reaction model (usually a HTO
reaction model). A single reaction model, however, cannot realistically represent the crude oil oxida-
tion because the oxygen is used not only to form carbon oxides and water (HTO reaction), but also to
form stable oxygenated compounds (LTO reaction). If both reactions occur simultaneously through-
out the test, as usually is the case in ARC system, the kinetic parameters cannot be estimated quantita-
tively. In ARC the kinetic parameters are estimated based on data corresponding to the highest

| temperature (HTO reaction). The assumed model is then extrapolated to lower temperature and the
kinetic parameters for LTO are calculated based on differences in the heat rate between the two tem-

perature regime.

Further, data obtained from a closed ARC system is not useful for screening the candidate heavy
oil for its ISC potential. This is because in a closed system due to a rapid decrease in oxygen partial
pressure (mostly due to oxygen addition reactions) the reaction temperatures often fail to transcendb
the negative temperature gradient region and unable to reach the HTO zone. A flowing ARC device -
can avoid this drawback, because the oxygen pressure can be kept constant throughout the experi-
ment. Flowing ARC device is also useful in assessing the role ‘negative temperature gradient’ plays in
delineating the HTO mode from LTO mode during heavy oil combustion. Thu’s, a flowing ARC
device can be used to determine qualitatively the conditions that give rise to negative temperature gra-

dient region during an air injection process.

LTO reactions are not detrimental to the success of combustion process in light oil reseﬁoh,
because in these reservoirs, the recorded combustion front temperature is often less than 600°F (Ger-
main and Geyelin, 1998; Fassihi and Gilham, 1994; Metwally, 1991; Pebdani et al., 1988; Struna and
Poettmann, 1986; Anthony et al., 1981). This still correspond to the LTO region. On the other hand, a
knowledge of the reactivity of oil and oxygen at reservoir temperature is essential to ascertain the auto
ignition tendency of the crude. Unfortunately due to their poor heat detection capability at low tem-
perature, neither of the ARC system can answer this question with any degree of certainty (Zelenko

and Solignac, 1997).

Despite its shortcomings, the ARC remains a simple and useful tool to analyze qualitatively the

oxidation reactions of the crudes and to study the oil reactivity at low temperature. Since it track the
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exothermic reaction adiabatically, ARC permits the rapid determination of kinetic parameters using
only the temperatures as the variable. However, its limitations must be borne in mind when using it to

screen the oils for combustion process.

Effluent Gas Analysis (EGA) Technique
The EGA is a quantitative analysis technique performed to determine the oxidation reaction
kinetic parameters. In the Canadian ISC literature, this technique is often referred to as the “Ramped-
Temperature Oxidatiory’ (RTO) tests. Ramped temperature oxidation tests involve the controlled heat-
ing of recombined oil saturated cores (or oil-sand mixture) in a flow reactor under a flowing stream of
air. The purpose of thejtest is to study the oxidation behavior and reaction kinetics of a rock-oil sys-

tem under controlled conditions.

The experimental set up used for the EGA tests consisted of a flow type tubular reactor (often
called a kinetic cell in fhe U.S.) with the appropriate instrumentation, control systems and flow loops.
The kinetic cell construction details differs from laboratory to laboratory. The schematic of the kinetic
cell employed at Stanf¢rd University (Mamora et al., 1993) and at the University of Calgary, Canada
(Moore et al., 1995 a) i§ shown in Figures. 3.10 and 3.11 respectively. The schematic of Stanford Uni-

versity’s EGA experimental set-up is shown in Figure 3.12.
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FIGURE 3.12 — Schematic of Stanford University’s In-Situ Combustion
Experimental Set-Up (After Mamora et al., 1993)

The reactor is packed with a pre-mixed oil and sand sample of interest and subjected to a pre-
scribed heating schedule (20°C—40°C per hour) while air or an oxidizing gas is flown through. The
heating is continued at the desired rate until their termination or once the prescribed maximum tem-
perature is reached and then held at that temperature for the remainder of the test. The flow of air is

continued until no change in the exit gas concentration could be seen.

Often a second cell is used to serve as a reference cell. The reference cell is packed only with
dry core and subjected to the same heating schedule as the test cell. During the course of a run the
temperatures in the corresponding zones of the active and reference cell are compared to isolate exo-
thermic/endothermic oxidation events of the oil occurring in the active cell. Typical ramped tempera-
ture oxidation test temperature profiles illustrating various oxidation modes for the Athabasca oil

sands bitumen are depicted in Figures. 3.13-3.15 (Moore et al., 1995 b).
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FIGURE 3.13 — Example of a Ramped Temperature Oxidation (RTO) Temperature Profile
Showing LTO Response (Courtesy of UNITAR Center, Mehta, and Moore, 1996)
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FIGURE 3.15 — Example of a RTO Temperature Profile Showing HTO Response and
Low Oil Recovery (Courtesy of UNITAR Center, Mehta, and Moore, 1996)

The kinetic parameters are determined from the effluent gas analysis (Mamora et al., 1993;

Burger et al., 1985; Fassihi and Brigham, 1981) as follows:

If m, is the mass of oil present in the sample, we can define a specific reaction rate ‘K’ as:

_ Am,, (_-E\ "
K m_ At ..AeXp\RT) (poz) (3:25)

Amg, = mass of oxygen used up during time At

Poz = average oxygen partial pressure

K = mass of the oxygen used up per unit time with respect to the mass of oil m,
R = gas constant

K can be calculated from the effluent gas data.
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Assuming the order of reaction n = 1, a plot of In (K/p o,) versus 1/T will yield a straight line
with a slope (-E/R) and intercept ‘In(A)’.

Due to the quantitative nature of EGA data, this technique is preferable to the thermal analysis

techniques (TGA and DSC) in estimating the crude oil oxidation kinetic parameters.

Combustion Tube Tests

Introduction
Combustion tubes are the traditional tools employed in the laboratory to investigate the perfor-
mance of in-situ combustion processes. A properly designed and operated combustion tube test can
- provide much useful information about the test rock/oil system’s combustion characteristics. Some of
this data can also be used for making a proper engineering and economic projection of a field test’s ‘

performance. Hence laboratory combustion tube studies are the necessary first step in the design of an

ISC project.
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FIGURE 3.16 — Schematic of a Typical Combustion Tube Details
(After Mamora et al., 1993)
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The combustion tube, shown in Figure 3.16 is a thin walled stainless steel (or some other corro-
sion resistant material such as Inconel) cylinder housed inside a pressure jacket and packed with
actual core, water and oil from the field under study. The fluid saturations in the tube are tailored to |
approximate reservoir conditions. The crude is ignited by injecting air, and the burning front is
advanced through the tube by continuous air injection. Temperature, pressure, air injection rate, oil,
water, and gas production and effluent gas composition data are collected and analyzed. From the data

analysis process variables are calculated.

Comments About Combustion Tube Tests

Combustion tubes are unscaled elemental physical simulators and represents a piece of the res-
ervoir simulated at full scale in the labbratory with the constraint of one-dimensional flow (Praséd.and
Slater, 1986). Combustion tube tests permit the simulation of the nature of the propagating combus-
tion front and the resulting dynamic chemical reactions in conditions closely approximating those in a
reservoir. Because the nature of the combustion front propagation is controlled by the chemical reac-
tions and relative permeability characteristics of the reservoir system, combustion tube results can
provide a qualitative feeling for the field performance. It also serve as a mean for estimating the net
effect of the -interrelationships between the various mechanisms which affect combustion. Hence,
combustion tube tests have been accepted as a method of producing reliable data describing the in-

situ combustion process.

The main drawback of combustion tube tests is that they are unscaled experiments. Hence the
data obtained from these experiments cannot be scaled and direct correlation of combustion tube
results to the corresponding reservoir is at best tenuous. Experience has, however, shown that as long
as the testing is done with actual reservoir rock and oil under proper operating conditions, the chemi-
cal reactions and the reaction stoichiometry in the tube will be the same as those occurring in the res-
ervoir. This is because the stoichiometry of the reactions is controlled by the temperature, pressure,
and chemical characteristics of the oil. The burning behavior of the oil in the tube, however, will not

be the same as those in the reservoir, because it is affected by the flow rate and fluid saturations.

Further, combustion tube studies have little value in predicting bulk fluid movement. This is
because a combustion tube simulates only a differential element of a reservoir. A primary consider-
ation of any recovery process involving fluid injection is sweep efficiency. Although several theoreti-
cal models have been proposed to predict the mobility and movements of fluids within a reservoir,

none have been completely successful in fireflooding. Due to the extreme temperature gradients, con-
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stant changing of fluid phases, and reaction kinetics, a rigorous prediction of flow properties is diffi-
cult. Extrapolation of combustion tube flow behavior to that in the field is unrealistic. Physical
configuration vastly affects experimental simulation and prohibits scale up to reservoir conditions.

Pilot test data remains the best source of information for sweep efficiencies.

In wet combustion process water and air are injected simultaneously. Three factors are associ-

ated with simultaneous air-water injection. These are:

1. Multi phase flow through the porous media.

2. Heat transfer effect.
3. Effect of water injection on burning efficiency.

Questions concerning how the air and. water wﬂl distribute within the burned zone and what
conditions will exist when they reach the combustion front cannot be answered from the combustion
tube studies. Gravity segregation is an important consideration and its effect is eliminated in the labo-
fatory by performing the tests with the tube in the vertical position. Laboratory tests are useful in
determining the optimal water-air ratio (WAR) for wet combustion. Caution, however, should be exer-
cised in using this information for field design purposes because WAR is sensitive to the combustion

tube’s heat transfer characteristics.

Although the heat losses from the combustion tube are considerably different from those of the
reservoir, a direct analogy exists between the two systems. The reservoir is naturally insulated by
overburden and underburden and heat losses are relatively small compared to the amount of heat gen-
erated. The laboratory tube has high heat losses due to its metal construction and limited amount of
heat generated. To ciecrease heat losses and sustain a combustion front, strip heaters are placed around
the tube. These heaters maintain an escalated isothermal condition which reduces the temperature
gradient with tube surrounding and lower heat losses. In other words, the heaters simply increase the
overall energy level of the system without interfering with process mechanism. The heat transfer
properties and the subsequent temperature profiles are not distorted by the presence of the heating
system. The heat flow through the packed tube does represent what will happen in the reservoir with

certain exceptions.

Interpreting data for wet combustion is completely dependent on the heat transfer characteristics
of the combustion tube. If heat losses from the tube are excessive and the combustion front is barely

sustaining itself, little advantage is realized by scavenging the heat behind the front. Injected water
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has a cooling effect on the combustion zone, lowering its temperz;tture and possibly quenching the pro-
cess. Conversely, if high temperatures are maintained by the strip heaters (insulating system), suffi-
cient heat is available behind the fire front to vaporize all the water injected. In this case, the energy
level in the combustion zone is barely decreased by water and high burning temperatures maintain.
Large quantities of water passing through the combustion zone as steam have no adverse effect on the
combustion reaction. Actual conditions in the reservoir will be somewhere between the two extremes.
The conditions maintained on the combustion tube are believed to be representative of those that will
- prevail in the field. However, as mentioned previously, extrapolating water-air ratios from laboratory

to field conditions might be misleading.

The final consideration for air-water injection is if large quantities of water passing through the
combustion zone how it will affect burning efficiency. As previously discussed, combustion tube tests
accurately represent the reaction mechanisms. Therefore, laboratory results will satisfactorily predict

combustion zone behavior.

Experience has also reveals that the tube and field data (such as the hydrogen to carbon (H-C)
ratio, air-fuel ratio, fractional conversion of oxygen to carbon oxides, density of produced oil, pH of
produced water, etc.) often reasonably matches well when the projects are operated in the high tem-

perature mode.
Informations that can be derived from combustion tube tests include:

» Atomic H/ C ratio of the burned fuel.

¢ Oxygen-fuel ratio (OFR).

* Air-fuel ratio (AFR).

* Oxygen-sand ratio (OSR).

* Excess air.

* Apparent fuel consumption.

» Liquid hydrocarbon (oil) recovery from swept zone.

» Effect of the injected water-air ratio (in the case of wet combustion process) on the process

parameters.

Characteristics of the produced fluids.




* Peak combustion temperatures.
+ Stability of burn zone.

The last three piece of information, though, highly qualitative are valuable in assessing the ten-

dency of the reservoir to burn in a stable or unstable mode.

Combustion Tubes

Description of Combustion Tube Test Set-up
Though, the design details of the combustion tube set-up vary from laboratory to laboratory,
they all include four basic components: a combustion tube assembly, heating and data acquisition sys-

tem, flow control system and fluid analysis system.

Figure 3.12 shows the flow and instrumentation schematics of a typical combustion tube set-up

(Mamora et al., 1993).

The heart of the test facility is the combustion tube. The combustion tube assembly consist of a
thin walled corrosion resistant tube housed inside a pressure jacket. The wall thickness of the tube is
usually less than 0.062 inch to insure uniform heating and to minimize the heat conduction along the
walls of the tube. The pressure jacket is usually fabricated out of carbon steel and designed to with-
stand the desired operating pressure. The annular space between the tube and the pressure jacket is
filled with porous insulation and pressurized with insert gas to equalize the pressure between the inner
and outer wall of the combustion tube. The pressure difference across the tube wall is small and

always inward.

Combustion tubes vary as to diameter and length. Tubes as large as 8 inches in diameter and 15
ft., in length have been used in the past to simulate the process (Parish and Craig, 1969). Most current
designs, however, employ smaller tubes to shorten the runtime. These tubes are generally 3—6 ft. long

and 2—4 inches in diameter. Table 3.2 show the dimensions of the tube used in some selected facilities.
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TABLE 3.2 — Dimensions of Combustion Tube Employed in
Selected In-Situ Combustion Laboratories

Facility Length (Ft.) Diameter Wall Thickness Reference
(inches) (inches)

U. of Calgary 6 4 0.042 Mehta (1997)

Stanford University 3 3 0.016 Mamora (1993)

Amoco 6 4 N.A Yannimaras (1998)

Texaco 5 3 0.042 Bousaid (1987)

Esso Resources, Canada 4 3 0.025 Leaute and Collyer (1984)

Larger diameter tubes are preferred to smaller diameter tube because they maintain better adi-
abiticity and lower fluxes. Belgrave and Moore (1992) investigated the effect of tube design (diame-
ter) on combustion tube performance and conclude that different designs operated under identical

condition can produce difference results due to differences in heat loss rate from the tube wall.
The laboratory combustion tubes described in the literature use one of two basic designs:

1. Iﬁsulated tubes.
2. Near adiabatic tubes.

With insulated tubes heat loss is minimized by insulation alone. Operation of insulated tubes
requires high air fluxes, of the order of 70100 times those actually used in the reservoir (Dietz and
Weijdema, 1963). Such high air fluxes are needed to reduce the residence time of firefront in the tube,
and hence the heat losses. Such high fluxes are often difficult to sustain in the tube due high pressure
drops across the core. In addition at high fluxes, air requirement and fuel availability may increase

with increasing flux (Alexander et al., 1962).

Near adiabatic operation should allow combustion front to propagate at lower fluxes. To mini-
mize the heat loss from the tube wall and to maintain adiabatic conditions in the tube, most current
designs employ tube assemblies with compensating heaters. These are narrow width (1-2 inch wide)
band heaters mounted along the length of the tube at equally spaced interval and are designed to
match the wall (heater) temperature with the tube’s center temperature at each heating zone. A major
concern with the use of heater is how to minimize the possibility of the heaters influencing the move-

ment of the combustion front. Though the problem of thermal interaction between the heater and the
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sand pack have been looked into by researchers (Leaute and Collyer, 1984; Belgrave et al., 1990a;
‘Belgrave et al., 1990b) no satisfactory solution to the problem exist.

Combustion tube radial heat transfer studies by Belgrave and Moore (1992) indicate mainte-
nance of near zero temperature difference between the sand pack and tube wall not necessarily imply
adiabatic operation conditions. Their analyze indicate combustion tubes of different design operated
under identical conditions can produce different results (temperature profiles) due to differences in
the magnitude of heat losses. Their study also revealed that combustion tube diameter and length of
heating zones play an important role in achieving adiabatic condition. Larger diameter tubes and

shorter heating zone length can result in lower heat losses and near adiabtic conditions.

It is necessary to control closely the power input to each of the heaters to minimize axial tem-
perature gradient and lateral heat losses from individual sand section. In every heating zone a pair of
thermocouples, one fixed to the outer wall of the tube and another inserted through the wall to the
tube’s center is used to control the power input to the heater and maintain the wall and sand pack tem-
perature nearly equal. Each heating zone wall temperature is usually maintained at 5°F less than the
corresponding center temperature to minimize lateral heat losses and to ensure that the heaters are not

sustaining and/or driving the combustion front.

The tube is generally operated vertically so as to minimize gravity segregation effects. It is doc-
umented that in vertically operated tubes at high pressures, distortion of the test results may arise due
to thermal convection of gas in the annular region between the tube and the pressure jacket (Smith
and Perkins, 1973). Belgrave et al. (1990a), investigated this problem and found that high operating
pressure, high Rayleigh number annulus gases and use of high permeability annulus insulation likely
to intensify annular convective circulation and increase heat losses. They recommend the use of low‘
molecular weight, low specific heat capacity (low Rayleigh number) gas such as helium and a low
permeability (less porous) insulating material in the annulus to minimize convection induced heat

transfer.

Operating Procedures
A typical combustion tube run is performed by first packing the tube with the native reservoir
rock or graded sand. If field core is to be used for the test, it is first crushed, homogenized and mixed
with additional amount of oil and synthetic brine before being packed into the tube. All mixing and

packing is usually done in an enclosed area. A portion of the mixture packed into the tube and the




results from the fluid saturation measurements allow calculation of porosity and volumetric saturation

of each fluid phase.

In an alternative packing procedure adopted by some U.S. laboratories, the tube is packed with
crushed core material in 500-g increments. Each increment is packed to the same volume to ensure
uniform porosity. Alternating 500-g sand samples are saturated with methanol to facilitate packing.
Approximately 1/2 in. of 2040 mesh silica sand is packed at each end of the tube to prevent the pro-
duction lines from plugging by fine migration. Following packing, the tube is saturated with methanol
and thermocouples are inserted into place. The pack is then successively flushed with pentane and
nitrogen to clean and dry the sandpack. The pack is then saturated with synthetic reservoir brine and
the porosity and permeability established. Crude oils are then injected until immobile water saturation
is obtained. This technique known as the restored state procedure have shown to reproduce the fuel

lay down results better than other packing procedures.

The tube pack is then pressurized with nitrogen to the required operating pressure and checked

for leaks. The pressure jacket is also pressurized simultaneously with an inert gas such as helium.

After being pressure tested, the tube pack is then heated to the reservoir temperature. Nitrogen
once again is flowed through the tube to establish gas permeability and produce mobile fluids. The
produced gas composition is continuously monitored and the displaced liquids (if any) are collected.
After the whole tube had attained the reservoir temperature and no more liquids being produced, the
inlet end band heaters are activated. The inlet sand face temperature is gradually raised to 650°F
(500°F for wet combustion) while flowing nitrogen to facilitate combustion. The nitrogen flow rate is
gradually increased to the test design air flow rate. When the desired injection end sand face tempera-
ttire is attained, nitrogen injection is stopped and air flow at the desired operating flux begins. Here the
flux is defined as the volumetric injection rate of air measured at standard condition of 14.7 psia and
60°F divided by the cross sectional area of the tube. Ignition is usually observed immediately upon.
switching to air injection. The thermocouples at the inlet end record significant increase in tempera-

ture upon ignition. Confirmation is also obtained with effluent gas composition.

Typical air flux employed in a 4 in. tube is about 100 Scf/ft.2 - hr. (Oxygen flux 21 Scf/ft.2 - hr).
From time to time the flux is increased to help reduce heat losses, minimize LTO and improve the sta-

bility of the burning zone.
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For wet combustion tests, after the whole tube is at the reservoir temperature and no more lig-
uids are being produced, the nitrogen flow rate is decreased a little and water injection into the tube is
started. The water flow rate is gradually increased until the Water-Nitrogen ratio is equal to the

desired Water-Air ratio (WAR) for the desired wet combustion mode (normal or superwet).

Next, with both water and nitrogen flowing, the inlet end heaters are turned on. When the
desired ignition temperature (usually 5S00°F) is approached, the nitrogen flow is stopped and air injec-
tion commences. The flow rate of both air and water are then gradually adjusted to obtain the desired

WAR. For a normal wet combustion test, a WAR of 1.1 ft.3 water/Mscf air is recommended.

Data recorded during the run include air injection rates (also water injection rates for wet com-
bustion), injection pressure, temperature at each thermocouple location (center line and wall), pro-
duced oil, water and effluent gas volumes and rate and produced gas composition. The effluent gases
are analyzed for oxygen, carbon dioxide, carbon monoxide, hydrogen, hydrocarbons, hydrogen sul-

fide and nitrogen. The energy input to each heater is also recorded.

All the data (except the volumes) are recorded during the stabilized propagation of the front in
the tube after the initial ignition transient effects had settled down. The stabilized burning period in a
tube is that period during which the combustion front velocity, the air injection flux and the average
effluent gas composition are approximately constant. This is necessary because the tube pack assume
to represent a reservoir element located at some distance downstream of the combustion froﬁt and is

unaffected by transient start-up effects.

After the combustion tube run, the following measurements are usually made to facilitate char-

acterizing the run:

» Post test core analysis to provide axial profile of extractable oil, coke, and water.
 Oil properties (density, viscosity, acid number and elemental analysis).

» Composition of produced oil samples in terms of Maltenes (saturates, aromatic and resins)

and asphaltenes.

Produced water pH and ion analysis.




Interpretation of Combustion Tube Data
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FIGURE 3.18 — Probe Temperature Profile as a Function of Time for a Dry In-Situ
Combustion Tube Run (After Bousaid, 1987)

Temperature meésurements made during a tube run can be used to monitor the frontal advance-
ment of the burn. Depending upon the combustion mode three different types of temperature profiles
are observed as shown in Figure 3.17. The Type I profile is for dry combustion (WAR=0); type II pro-
file is observed where water is injected at relatively low values of the WAR (normal wet combustion)

and type III profile is observed when the tube is operated in super wet combustion mode.

Figure 3.18 shows the typical temperature profile for a dry combustion run in a clean silica sand
pack. The temperature history at 2.49 hour is characteristics of the profile that might be obtained
when an heater is used to obtain ignition. The profile at 5.99 hours is more nearly represent the tem-
perature distribution obtained in a dry combustion run. The temperature rise from initial reservoir
temperature to the peak temperature at the combustion front and drops off sharply ahead of the com-
bustion front to a value corresponding to the steam temperature at the model pressure. The steam zone
which is also known as a steam plateau is characterized by a flat temperature distribution. The temper-
ature of the stream plateau is determined primarily by the air injection pressure. Since in dry combus-

tion only air is injected, the size of the steam plateau developed is likely to be small and depends upon
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the initial connate water saturation. Ahead of the steam plateau, temperature drops gradually to the

initial formation temperature.

FIGURE 3.19 — Dry Combustion: Schematic Temperature Profile Downstream
from the Temperature Peak (After Burger et al., 1985)

The frontal advancement of the combustion zone (combustion front velocity) can be determine
the slope of peak temperature (or a representative high temperature) location (measured from the
injection end) versus time curve. In Figure 3.19 a schematic of the temperature profile downstream
from the temperature peak, Ty is the peak temperature, U, is the combustion front velocity, T, is the

steam plateau temperature, U, is the steam zone velocity and T, is the original reservoir temperature.

For dry combustion the combustion front velocity is a function of air flux and fuel concentra-
tion. Combustion front velocity is directly proportional to the amount of oxygen supplied (air flux)
and inversely proportional to the amount of fuel laydown at constant air flux. Thus the minimum rate
of advance is fixed by the amount of fuel that must be burned at the minimum air flux. The minimum
air flux in any given situation is the lowest flux that will sustain and advance the combustion front.
The minimum air flux and the corresponding combustion front velocity are important factors in the
design and economics of a combustion operation, because they determine the compressor capacity
required for a given well spacing. In dry combustion the combustion front and the steam zone

advances at essentially at the same rate.
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FIGURE 3.20 — Temperature Profile for Dry Combustion, Reflecting the Effect of
Native Core Material (After Bousaid, 1987)

Native reservoir rock contain clays and minerals and often contribute to increased fuel laydown.
Hence combustion front velocity in runs performed using native core materials are usually slower
than when performed using clean sand under identical run conditions. This is clearly evident from the

native core run temperature profiles (Figure 3.20) where the temperature drops less sharply compare

to Figure 3.18.

FIGURE 3.21 — Wet Combustion: Schematic Temperature Profile Downstream
from the Temperature Peak (After Burger et al., 1985)
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In the case of normal wet combustion (type II profile) water is injected at relatively low values .
of the WAR. The temperature profile (Figure 3.21) is similar to the dry combustion except that the
temperature decreases much more rapidly behind the combustion front and the steam plateau is elon-
gated by the additional heat transported downstream. The steam front advance at a much slower but at
a uniform rate than the combustion front. In a stable wet combustion test, the combustion front usu-
ally progresses much more quickly than the vaporization front (trailing edge of the combustion zone
where the water vaporizes). The maximum temperatures attained in the combustion zone are nearly

independent of WAR and at about the same level as for dry combustion.

The type I profile is observed at higher WAR values where partially quenched combustion is
maintained at the steam plateau temperature. In this profile the temperature increases from reservoir
conditions, levels off at steam temperature, and then decreases. No temperature above the steam pla-
teau level are observed. In this mode both the combustion and the vaporization zones progresses at

nearly the same rate.

| Analysis of Combustion Tube Data
As mentioned earlier, combustion tube tests provide many useful information about influence of
operating parameters on the process. Data obt;ained from a tube run include the combustion front tem-
perature, the composition and volume of the effiuents, the amounts of oil and water produced, etc.

Process parameters such as the fuel deposition, air requirement, etc., are then calculated from these
data.

In the following, procedures for analyzing the combustion tube data are detailed. These proce-
dures are made available to the author by Dr. Gardon Moore and Dr. Raj Mehta of University of Cal-
gary, Canada. The author wish to express his gratitude for their help.

High Temperature Combustion Stoichiometry
There are many chemical reactions that occur in the tube during combustion. These include low
temperature oxidation of oil, thermal cracking or pyrolysis, and high temperature oxidation. Even
though significant LTO and pyrolysis reactions do occur in the tube, generally only the HTO reaction
is assumed to represent the process and used to analyses the combustion tube data. In this section we
present combustion tube data analysis based on HTO stoichiometry. In a subsequent section modifica-

tion of the procedure to account for reactions other than the assumed HTO are presented.




The basic chemical expression that describes the combustion of coke can be written as:

C H,+20,+RaN, —bCO,+dCO+f0,+jH,0+RaN, (3.25)
ie. R= (YNZ ) (3.26)
y02 Feed Gas

where ‘R’ is the ratio of mole fraction of nitrogen to oxygen in the feed gas. (a, b, d, £, j are stoichio-

metric coefficients).

Performing an element balance we have,

[Carbon] x=b+d. (3.27)
oy ;

[Oxygen] a=>b+ 5 +f+ 5 (3.28)

[Hydrogen y=2j 3.29)

1. Apparent atomic H/ Cratio = i (3.30)
4<a—b—g— f>
= 3.31
_ (b+d) ' (33D

2. The Oxygen-Fuel ratio is the minimum volume of oxygen required to burn a unit mass of fuel

which has an equivalent atomic H/C ratio given by Equation (3.30)

(a) x (moles O,)
moles fuel

Oxygen / Fuel Ratio = (3.32)

Molecular mass of fuel = (12.011 x + 1.008 y) (3.33)

Where 12.011 = atomic mass of carbon and 1.008 = atomic mass of hydrogen
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Assuming that the oxygen consumption is measured in standard volume and the fuel in kg. (or

Ib,,) per unit volume of formation we have:

3 .
__Q_Z_ _ 23.64 a m (ST)k (3.333)
F (12011x + 1008y) 8
or
379 a
_ scf 3.33b
(12.011x + 1.008y) ﬁbm (3330

In the above expression the reference condition is:
m?/ (ST) = 101.325 kPa and 15°C
scf = 14.696 psi and 60°F

In Equation (3.33a) the constant 23.64 refers to the volume (in standard cubic meter) occupied
by one mole of gas at the reference condition and the constant 379 (in Equation 3.33b) refers to the

volume (in standard cubic feet) occupied by one mole of the gas also at the reference condition.

3. Air / Fuel Ratio: It is the volume of air required to burn a unit mass of fuel and is a function of

the amount of carbon and hydrogen in the fuel and the nitrogen-oxygen ratio of air (Equation 3.26)

23.64(1 +R) x a

Air/fuel ratio =
(12.011x + 1.008y)

m® (ST) /kg (3.34a)

_ 379(1 + R) xa
(12011x + 1.008y)

scf /1b_ © (3.34b)

4. Fraction of reacted O, converted to carbon oxides: This parameter is an indicative of the
degree of LTO occurring in the combustion tube. During the test not all of the injected oxygen is con-
sumed in generating carbon oxides or water. Some fraction of the consumed oxygen reacts with oil to

form oxygenated compounds

Fraction of reacted O, converted to carbon oxides

>-5)

AN

(3.35)
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Assuming the composition of normal air to be 21% O, and 79% N,, we have
R=79/21=3.76 (3.36)
Evaluation of Combustion Parameters from Effluent Gas Analysis:

Assuming normalized gas composition the combustion parameters can be calculated in terms of

stoichiometric coefficients a, b, d, and f as follows:

The numerical values of a, b, d, and f are:

a= M f=10,]

R
b =[CO,]
d=[CO]

where [ ] denotes normalized composition in mole percent.

Thus:

([co.] + [co])

- HIC="
(ICO,] +[CO]




23.64 M 379 Ny
R R

O,/Fuel = ']
12.011([c02]+[c0])+4.032( R2 -[c02]—[02])
23.64(1+R)m
Air/Fuel = R

12.01 1([¢02] +[co))+ 4.032( :];;21 -[co,]- o] _ [02])

Fractional conversion of injected O, to Carbon Oxides = f, where

.. ([coz]+ LCZQ])
R

Fractional conversion of reacted O, to Carbon Oxides = f, .

(

co]+[

C20])

[co,
(-]

fozR =

-10.
Fraction O, utilized: Y = ._R___[_z_] =1- R[Qd
™, M.}
Excess Oxygen = (i;i)
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Alternate Form of High Temperature Combustion Equation:

1. Start with basic equation:

C,H, + a0, +[R]aN, — bCO +dCO + f0, + jH,0 +[R]aN,

2. Divide basic equation by x:

CHy/x +£02 + [R].aNz - QCOZ +£l—CO+—f-02 +—‘]—H20+ [R].aNz
X X X X X X x

3. Letn=H/Cratio = y/x
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a 1( m 1 n)
So— = + + —
x y\m+1l 2(m+1) 4

1/2m+1 n)
y\2m+2 4}

The combustion equation can then be written as:

CH (2m+l n\ y R(2m+1 —\N—>
\ome2 2) Y\ \ome2 T2)

m_co,+——co+ LD (2mrl myy, 1 " H,0

m+1 m+1 Y \2mez2 )7

R(2m+1 n\N

Y\ 2mez a)

This form is the combustion equation originally proposed by Benham and Poeltmann (1958) is
useful for evaluating the product gas composition for assumed values of ‘n’ (H/C ratio) and ‘m’

([COL/[CO] ratio). This is the common form employed by many practitioners.

Based on the above, the combustion parameters corresponding to assumed values of the appar-
ent H/C ratio [n] and {CO,]/[CO] ratio [m] are:

3794

1. O,/Fuel Ratio = X
(12.011+1.0082)
\ x/

379/2m+1 n\

Y \2m+2 " 4)
~.0,/Fuel - b
o/Fue (12.()11+1.008n) scf 11

2. Air/Fuel = (1+R)(O,/Fuel Ratio)
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3. Fraction Reacted O, converted to Carbon Oxides (CO, and CO).

(b dlxy (D)

7 =\x 2 }= \x/
e _fy e
\x x/  x\" a/

m_ L1y
(m+l+2\m+1} )

Y\2m+2 4/

(2m+1\
£o- \2m +2/
o2k (2m+1+£\

\tm+2 4/

4. Fractional O, utilization =Y -

5. Excess Air = =
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Examples of Combustion Parameter Calculation
Jrom Typical Product Gas Composition

In the following section we present several examples to illustrate the combustion parameter cal-

culation from the produced gas for various combustion mode (dry, wet, superwet, etc.)

Consider the following product gas composition which corresponds to the average composition

during the stabilized portion of a dry combustion tube test on a Louisiana Heavy Oil Core.

Component Mole Percent Normalized Mole Percent
Co, ’ 11.2 11.3
CO 3.8 3.8
0, 4.4 44
N, 80.0 80.5
H, 0.1
Ci+ 0.43
H,S 0.07
100.0 100.0

The Composition of the feed air was 21% oxygen and 79% nitrogen, hence:

The combustion parameters are:

H/C Ratio
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O,/Fuel Ratio =

o

_4[2141-113-1.9-44]

3.76

[(11.3) +(3.8)]

15.1
=1.009

379

N,

805 _r11.3]- [2] [44]}

12.011([CO,] +[CO]) + 4.032{

N, ]|

379[

R

80.5]

376

-[CO, ]~

[co]

- [02]]

. Air/Fuel Ratio

= 41.25 scf/lbm

= [1+R]*[0, /FuelRatio]

I

[1+3.76]+[41.25]

196.35scf /lbm

12.011([11.3]1+[3.8]) + 4.032[%%2] [11.3]- [3 -[4 4]]




Fractional Conversion of Reacted O, to Carbon Oxides:

o]
[co,]+ LZ—

f;zR =
o)

R

__-11.3+L32'—8]’

50°]_faq]

0.776

Oxygen Utilization:

[1-7] _[1-0.795] _ () ,sq
Y 0.795

Excess Air =

(co]+lco) .., @131+[38) o

atio =

[cO] [3.8]
MO—DRaz‘io = (_[1.2_]"'_[3_8_]) =0.188
[N, ] [80.5] '

93




Following are examples of product gas compositions and combustion parameters corresponding

to different burning conditions.

Typical Produced Gas Compositions Dry or Normal Wet Combustion

Feed Gas Composition (mole %)

Oxygen

21.00

Nitrogen

78.00

Argon

1.00

“Rss

3.7

Product Gas Compositions (mole %)

COMPONENT

UNNORMALIZED

NORMALIZED

Co,

14.00

14.19

Cco

3.60

3.65

0O,

0.00

0.00

Ny

81.08

82.16

H,

0.20

0.00

0.92

0.00

0.20

0.00

100.00

Calculated Gas-Phase Parameters

(Scf/ibm)

H/C Ratio

1.37

O,/Fuel Ratio (m3(ST)/kg)

2.19

Air/Fuel Ratio (m>(ST) kg)

10.32

Injected Oqto Cox’s (%)

72.38

Reacted O,Utilization (%)

100.00

Excess Air (%)

0.00

(CO,+CO)/CO Ratio

4.89

(CO,+CO)/N,Ratio

0.22




Typical Produced Gas Compositions for a ATHABASBCA Oil Sand Super Wet Combustion at

5520 KPa

Feed Gas Composition (mole %)

Oxygen 21.00

Nitrogen 78.00
Argon 1.00
“R” 3.71

Product Gas Compositions (mole %)
Component Unnormalized Normalized
CO, 8.07 8.09
co 2.10 2.10
0,. 0.05 0.05
N, 89.59 89.76
H, 0.00 0.00
Ci+ 0.19 0.00
H,S 0.00 0.00
TOTAL 100.00 100.00
Calculated Gas-Phase Parameters (Scf/lbm)
H/C Ratio 5.88
0,/Fuel Ratio (m3(ST)/kg) 3.13 50.2
Air/Fuel Ratio (m3(ST).kg) 14.74 236.3
Injected O,to Cox’s (%) 37.81
Reacted O,Utilization (%) 37.89
O,Utilization (%) 99.79
Excess Air (%) 0.21
(CO,+CO)/CO Ratio 4.84
(CO,+CO)/N,Ratio 0.11
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Typical Produced Gas Compositions for a Athabasca Oil Sand Superwet Combustion at 2760
Kpa Steam Bank Temperature: 215°C

Feed Gas Composition (mole %)
Oxygen 21.00
Nitrogen 78.00

Argon 1.00
“R” 3.71

Product Gas Compositions (mole %)
Component Unnormalized Normalized
CO, 5.83 5.86
CcO 1.58 1.59
0, 0.87 0.87
N, 91.25 ' 91.68
H, 0.00 0.00
Cp+ ' 0.47 ~0.00
H,S 0.00 0.00
TOTAL 100.00 100.00
_ Calculated Gas-Phase Parameters (Scf/lbm)
- H/CRatio 9.22
O,/Fuél Ratio (m3(ST)/kg) 3.68 59.0
Air/Fuel Ratio (m*(ST).kg) 17.35 278.1
Injected O,to Cox’s (%) 26.95
Reacted O, Utilization (%) 27.94
0, Utilization (%) 96.46
Excess Air (%) 3.67
(CO,+CO)/CO Ratio 4.69
(CO,+CO)/N,Ratio 0.08
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to Stall)

Feed Gas Composition (mole %)

Oxygen 21.00

Nitrogen 78.00
Argon 1.00
“R” 3.71

Typical Produced Gas Compositions for a ATHABASCA Oil Sand Dry Combustion Run (Prior

Product Gas Compaositions (mole%)A
Component Unnormalized Normalized
co, 15.06 15.18
co 2.44 2.46
0, 0.00 0.00
N, 81.72 82.36
H, 0.00 0.00
Ci+ 0.75 0.00
H,S 0.03 0.00
TOTAL 100.00 100.00
Calculated Gas-Phase Parameters (Scf/ibm)
H/C Ratio 1.31
0,/Fuel Ratio (m3(ST)/kg) 2.23 357
Air/Fuel Ratio (m>(ST).kg) 10.51 168.5
Injected O5to Cox’s (%) 73.99
Reacted O, Utilization (%) 73.99
0O, Utilization (%) 100.00
Excess Air (%) 0.00
(CO,+CO)/CO Ratio 7.17
(CO,+CO)/N,Ratio 0.21




Typical Produced Gas Compositions for a Athabasca Oil Sand Dry Combustion Run (Post Stall

Analysis)
Feed Gas Composition (mole %)
Oxygen 21.00
Nitrogen 78.00
Argon 1.00
“R” 3.71
Product Gas Compositions (mole%)
Component Unnormalized Normalized
CO, 5.82 5.82
CO 1.25 1.25
0, 1.97 1.97
N, 90.96 90.96
H, 0.00 0.00
Ci+ 0.00 0.00
H,S 0.00 0.00
TOTAL 100.00 100.00
Calculated Gas-Phase Parameters (Scf/lbm)
H/C Ratio 9.09
O,/Fuel Ratio (m3(ST)/kg) 3.87 62.0
Air/Fuel Ratio (m3(ST).kg) 18.23 292.2
Injected O,to Cox’s (%) 26.32
Reacted O, Utilization (%) 28.62
O, Utilization (%) 91.96
Excess Air (%) 8.75
(C0O,+C0O)/CO Ratio 5.66
(CO,+CO)/N,Ratio 0.08

98




Typical Product Gas Compositions for an Enriched Air Dr& Combustion Run at 4100 kPa —

Athabasca Oil Sand
Feed Gas Composition (mole %)
Oxygen 21.00
Nitrogen 78.00
Argon 1.00
“R” 3.71
Product Gas Compassions (mole %)
Component Unnormalized Normalized
CO, 7945 83.27
CO 8.86 9.29
0, 0.27 0.28
N, 6.83 7.16°
H, 0.80 0.00
C+ 3.38 0.00
H,S 0.41 0.00
TOTAL 100.00 100.00
Calculated Gas-Phase Parameters (Scf/ibm)
H/C Ratio 181
O,/Fuel Ratio (m>(ST)/kg) 2.40 385
Air/Fuel Ratio (m>(ST).kg) | 2.53 40.6
Injected Osto Cox’s (%) 67.64
Reacted O, Utilization (%) 67.79
0O, Utilization (%) _ 99.78
Excess Air (%) 0.22
{CO,+CO0)/CO Ratio 9.97
L (CO,+CO)/N,Ratio 12.93
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Modifications of Equation to Account for Reactions
Other Than Assumed High Temperature Combustion

In this section, we present combustion tube data analysis for reactions other than high tempera-
ture oxidation. These reactions other than high temperature oxidation. These reactions include: low

temperature oxidation (LTO), carbonate decomposition, and burning of a previously oxidized fuel.

(@ LTO Reactions
C.H, + a0, +(R)aN, — bCO, + f0, + jH,0
+(RN, + A, a

where Ay = fraction of injected oxygen which is reacted with the
hydrocarbon to form liquid-or solid-phase oxidized

components.

(a-A y-b-2_F)
Ha-A,)-b->~f)

Oz
= =

(b+d

H 4([—];5D(1 -A,)-[CO, ]~ [_C‘2OJ -[0,]
Pl ([co,]+[co])

(b) Carbonate Decomposition:
C.H, + a0, +(R)aN, + A, bCO, = bCO, +dCO + fO,

+jH,0 + (R)aN,

Aco, = fraction of produced CO, resulting from carbonate decomposition.

(a-bi-A y-2_f
y Ha-b1-8,)-2 - )

=

b+d
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4(M_[coz]a—zsw)—[02])

(ca.]+[co])

H
c

(©) Burning a Previously Oxidized Fuel:

C,H,0, + a0, + (R)aN, —> bCO, + dCO + fO, + jH,0 +(R)aN,

. z d
4(a+§—b———f)

H _ 2

C (b+d)

p .z feo)- [0 o]
c ([co,]) +[co]

Laboratory experiments conducted under isothermal conditions suggest that up to 0.3g O,/g ini-
tial oil can be chemically stored in the hydrocarbons. The nature of the oxidized component can not
be exactly described, but it appears to be in an immobile and non-extractable fraction which we nor-

mally designate as coke.

The H/C ratio of the oxidized component is generally unknown, but for the purposes of illustra-

tion assume an H/C of the original oil.

Hence, for an oil having an original H/C of 1.5 but containing an oxygen content of 0.3g O,/g

oil, based on 1 gram of original oil.

( lg)( 1gatomC )

Atoms: carbon = gmolfuel = 0.0739

(12.011 +1.5(1.008))g / gmol

1.5gatomsH )

, (lg)(
lfuel
Atoms: hydrogen = gmolfue =0.1109
(12.011 +1.5(1.008))g / gmol

101




0.3¢g 2gatoms
_ _ . =0.0188
Atoms: oxygen = 32g/gmol  gmol

Assuming that fuel is expressed asd (C,H,;0, = x (CH,, O,)

=15

= |

z  0.0188
x 00739

=0.25

Hence, in the equation for combustion of an oxidized fuel:

Z =0.25x = 0.25 ([CO,] + [COD)

When this term is added, it will cause the apparent the H/C ratio to increase.
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Example Calculation to Illustrate
Combustion of an Oxidized Fuel

Basic Stoichiometry:

C.H,0, +a0, + RaN, — bCO, +dCO + f0, + jH,0 + R 2\N,

\x/
cH 0, +2 0+Rf-\N —co +Aeorlo, +JH0+R/“\N

YRR \x/ 2 x x \x/ 2

Again letting:

n = 2 = H. C. ratio
X
co, b

m = =—
CcOo d

b m

Y m+l

fi_ 1

x - m+l

4 _1({y)

x 2\x/

,]: _ E(I—Y)

X X

where Y = fraction of injected O, which is utilized.




From the oxygen balance:

Solving for

Hence, per mole (gmol or kmol or pmole) of CHy, O,4, the moles of product are:

Component

Co,

CO

H,0

On dry basis (excluding H,O):

Total moles =

m+1

\m+1) "\ R )

/1 Y+R\ 2m+1 ﬁ__l_(z\
(2m+2+4 2\x})

1_|_(1—Y+R\(2m+1_'_£
\ v Nom+2 4

()

I(z\ a_b 17d\y f 1(J)
2\x)+x x+2\x)+x+2\x}
a_»b_1/d\ L L)
32l 0D d)
a_Y/(m 1/ 1\ n_1(z)
x_Y(m+l 2\m+1) 4 2\x/)
a_Llf2m+l n_ 1/(z)
x Y(2m+2 4 2\x})
Basic Relationship Moles per Mole Fuel
2 m
X m+1
d 1
X m+1
&) (1-Y)(2m+1 n_1(z\
g Y)\x} Y (2m+2 4 2\x))
[a) R(2m+1 n_1(z)
R\x} Y(2m+2 4 2\x})
J_1(x) n
x 2\x/ 2
m 1 \



To illustrate product gas compositions and conventional combustion parameters (i.e., parame-

ters which do not account for the oxidized nature of the fuel), consider the following examples:

Oxidized Components

1. Formic Acid

2. Acetic Acid

3. Perbenzoic Acid
(Peroxybenzoic Acid)

4, Oxalic Acid

Note on Sample Calculations:

1. Have assumed:

2. Have input nominal composition of air as:

and have included argon in product gas.

3. Have used factor 23.6445

m’(ST

kmo

)

Formula
HCOOH
CH,COOH

CH,CO,0H

HOOCCOOH

Y=% O, utilization = 100%

(co,)

(co) ~ 10

m =

Y, =20.946%
Y, =78.084%

Y, =0.934%

in air/fuel calculations.




Product Gas Composition and Conventional Combustion Parameters Corresponding to the

Combustion of an Oxidized Hydrocarbon

Example Calculation

Feed Gas Composition (mole %)

Oxygen 20.946
Nitrogen 78.084
Argon 0.934
N»/O, 3.728
A /Ny 0.012

Assumed O, Utilization (%) 100

Assumed (CO,/CO) Ratio 10

Elemental Analysis of Fuel

Name Formic Acid Acetic Acid Perbenzoic Acid Oxalic Acid Peracetic Acid

Formula ~ HCOOH  CH;COOH  CgH;CO,0H HOOCCOOH  CH;CO;H

Atoms

Carbon

Hydrogen

Oxygen
H/C=y/x
O/C=z/x




Moles Product Gas on a Dry Basis

Component Formic Acid  AceticAcid  Perbenzoic Acid  OxalicAcid  Peracetic Acid
Moles Moles. Moles Moles Moles

Co, 0.909 0.909 0.909 0.909 0.909

Co 0.091 0.091 0.091 0.091 0.091

0, 0.000 0.000 0.000 0.000 0.000

N, 1.694 3.558 3.558 0.763 2.626

A, 0.020 0.043 0.043 0.009 0.031

Total 2.715 4.601 4.601 1.772 "~ 3.658

Composition of Product Gas on Dry Basis

Component Formic Acid Acetic Acid Perbenzoic Acid Oxalic Acid  Peracetic Acid
Mole % Mole % Mole % Mole % Mole %

CO, 33.49 19.76 19.76 51.31 24.85

Cco 3.35 1.98 1.98 5.13 249

0, 0.00 0.00 0.00 0.00 0.00

N, 62.42 77.34 77.34 43.04 71.80

AL 0.75 0.93 0.93 0.51 0.86

Total 100.00 100.00 100.00 100.00 100.00
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Conventional Combustion Parameters

(i.e., No Accounting for Oxidized Fuel)

Apparent H/C -2.00 0.000 0.000 -3.000 -1.000
Ratio

O,/Fuel Ratio 1.075 1.879 1.879 0.538 1.514
(m(st)/kg)

Air/Fuel Ratio 5.084 8.884 8.884 2.544 7.158
(m(st)/kg)

Injected O, to 210.000 100.000 100.000 466.667 135.484
Cox’s (%)

Reacted O, to 210.000 - 100.000 100.000 466.667 135.484
Cox’s (%)

0O, Utilization (%) 100.000‘ 100.000 100.000 100.000 100.000
Excess Air (%) 0.000 0.000 0.000 0.000 0.000
(C02+CO)/CO 11.000 11.000 11.000 11.000 11.000
Ratio

(CO,+CO)/N, 0.590 0.281 0.281 1.311 0.381
Ratio
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Typical Product Gas Compositions Superwet, Enriched Air Combustion at 5520 kPa
(ATHABASCA) Steam Bank Temperature: 270°C

Feed Gas Composition (mole %)

Oxygen 94.00
Nitrogen 6.00
Argon 0.00
“R” 0.06

Product Gas Compositions (mole %)

Component Unnormalized Normalized

CO, 75.76 76.70

CO 14.24 14.42
0, 0.50 0.51
N, 8.27 8.37

H, 0.15 0.00
Cis 1.07 0.00

H,S 0.00 0.00

o Total 100.00 100.00
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Calculated Gas-Phase Parameters

H/C Ratio

2.05

0O,/Fuel Ratio (m3(st)/kg)

242 (38.79 scf/lbm)

Air/Fuel Ratio (m(st)/kg)

2.57 (41.2 scf/lbm)

Injected Osto Cox’s (%) 63.97
Reacted O, to Cox’s (%) 64.22
O, Utilization (%) 99.61
Excess Air (%) 0.39
(CO,+CO)/CO Ratio 6.32
{CO,+CO)/N, Ratio 10.88
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“Abnormal’” Product Gas Compositions Normal Wet Combustion in a Carbonate Core

Feed Gas Composition (mole %)

Oxygen 21.00
Nitrogen 78.00
Argon 1.00

“R” 3.71

Product Gas Compositions {mole %)

Component Unnormalized Normalized

CO, 30.00 30.15

CO 1 .50 1.51.

0, 0.00 0.00

N, 68.00 68.34

H, 0.00 0.00

C. 0.40 0.00

0.10 0.00




Calculated Gas-Phase Parameters

H/C Ratio

-1.58

O,/Fuel Ratio (m3(st)/kg)

1.32 (21.16 scf/lbm)

Air/Fuel Ratio (m;(st)/kg)

6.22 (99.71 scf/lbm)

Injected Oyto Cox’s (%) 167.96
Reacted O, to Cox’s (%) 167.96
O, Utilization (%) 100.00
Excess Air (%) 0.00
(CO,+CO)/CO Ratio 21.00
(CO,+CO)/N, Ratio 0.46-
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Analysis of Air and Fuel Requirements
For Combustion Tube Tests

The following section provides actual combustion tube data from the University of Calgary Test
No. 115, AOSTRA Test No. 29. This was a dry combustion tube test which was performed at a pres-

sure of 2760 kPa using normal air on Athabasca Oil Sands core.

It should be noted that the calculations presented are based on combustion tube data. The proce-
dures outlined are the same as would be used for a field project for evaluating the combustion param-
. eters and amount of fuel consumed. Direct calculation of the air requirement and fuel requirement for
a field project is not normally possible due to the lack of direct information on the volume of the
burned zone or on the velocity of combustion front. Post-burn coring and temperature observation
wells can provide this information, but these data are not normally obtained. Another difference
between field and laboratory calculations is the uncertainty associated with relating the air injected at
a given injector to the gas produced at a given production well which is in communication with that
injector. White (1983) describes the calculations normally applied to the prorations of produced gas

back to the different air injectors.

The calculations presented relate to the following parameters:
1. Overall Parameters.

2. Stabilized Parameters.

a. Based on Average Gas Analysis.

b. Based on Incremental Production of Individual Components on Stabilized Portion of
Test.

Storage of air in the swept zone or the chemical storage of oxygen in the hydrocarbon has been
neglected in the calculations presented. This is the normal procedure for normal air tests. Storage
effect however, must be accounted for in high oxygen concentration air tests, particularly at high pres-

surcs.




Analyzing Combustion Tube Data

Initial mass of sand 22593¢
Initial mass of oil  5355¢g
Initial mass of water 669g
Air injection rate 0.367 m*(ST)/h
Total air injected 4.440 m3(ST) [21% O,, Balance N,]

Product Gas Cumulative Volume [m?(ST)]

Nitrogen 3.606

Oxygen ‘ 0.010

CO, 0.670

CcO 0.177

Oil recovered as liquid 4743 g

Volume of swept 0.0143 m?
4743¢

Liquid hydrocarbon recovery = x 100 = 88.6%

355¢

Cross-sectional Area of Combustion Tube = 7.767 x 10-*m?
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A. Overall Parameters

Amount of Carbon Burned:

Moles C = Moles CO, + Moles CO
3
Moles CO, = 0.670m (3S T) __ 0.028kmol
23,6445 (5T)
kmol
3
Moles CO = 0.177m (fT) = 0.007kmol
23.6445™ (5T)
kmol
Moles C = Moles CO,+Moles CO

= [0.028 + 0.007] = 0.0352 kmol
Mass C consumed = 0.0325 kmol x 12 kg/kmol

=  0420kg

Amount O, Consumed:

Moles O, consumed = Moles O, injected — Moles O, produced

[4.440x0.21 ~ 0.010]m>(ST)
m’(ST)
kmol

23.6445

= 0.039 kmol

115




Hydrogen Consumption and Water of Combustion:

Moles O, Reacted to form Water of Combustion:

Moles O, consumed ~ Moles CO, - 22/¢5C0

[0.039 - 0.028 — Q%QZ ]

0.008 kmol

Since 2 moles H, react with 1 mole O, to form , moles H,O

Moles H, reacted = 2(0.008) = 0/016 kmol

2kg
Mass H2 reacted = 0/016 kmol x =0.032 kg

kmo

k,
Mass H,O Formed = 2(0.0080) kmol x 18 —2
kmol
= 0.288kg

Total Fuel Consumed:

= Mass Carbon + Mass Hydrogen
= 0.420kg + 0.032 kg

= 0452kg

Overall H/C Ratio:

2katoms

kmol  _
lkatom 0.91

0.016kmolH,x

Atomic H/C =

0.035kmolCx

lkmol




Alternate Calculation for H/C Ratio:

0.032kgH, lkmolH, 2katomH 12kgC lkmol

Atomic H/C = x x x x
0.420kgC 2.0kgH, 1lkmolH, kmolC katoms
. 0.032x12
Atomic H/C = S2E 2091
0.420
Fuel Requirements:
_ MassFuel
VolumeofSweptCore

Mass Fuel = 0.452 kg

Volume of Swept Core = 0.0143 m?

0.452kg

Fuel Requirement = 3
0.0143m

=31.6 kg/m?

Air Requirements:

VolumeAir| m (ST
AR = olume zr[m( )1
VolumeofSweptCore

4.440m>(ST)
0.0143m’

310 m*(ST)/m?

kg

Some authors quote fuel requirements as ————
100kgsand
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On this basis:

0.452kg

Fuel Requirements = oot - S
22.593kgsand

0.0200kgfuel
kgsand

kgfuel

Fuel Requirements =200 —mm—
100kgsand

B. Stabilized Parameters
Based on the rate of advance of the 500°C leading edge [0.75 to 11.75 hours]:

Front Velocity = U, = 0.144m/h

The air flux (as measured at the inlet to the tube) was:

InjectionRate[m3 (ST)/ h]

X - sectionalareaofcor. m2_|

0.367m*(ST)/ h
7.767x10>m?

47.3 m*(ST)/m*h

Hence the air requirements based on the air injection flux is:

3
47.3f“—~(fh—T) m(ST)
Stabilized AR = MmA_ _-328—=
0.144m/h m

which is slightly higher thabn the overall value for the air requirement, which was

3
310" 8T)

m3




Good agreement indicates that run was stable which is consistent with the long period of stabilizing

burning.

Two methods can be used to evaluate the stabilized air and fuel requirements and the stabilized com-

bustion parameters.

Method 1:

This method is based on Numerical Average of Product Gas Composition and Injection Flux over the

Stabilized Period.

The average product gas composition during the stabilized period was:

Compound Mole % Normalized (Mole %)

CO, 14.47 14.65

CO 3.67 3.72

0, 0.21 0.21

N, 80.43 81.42

H, 0.27 -

C+ 0.85

H,S 0.10 _

100.0 100.0

H/C Ratio 1.14 Based on Injection Flux.
O,/Fuel Ratio = 2.15 m*(ST)/kg Air Requirement=328 m3(ST/m?
Air/Fuel Ratio = 10.11 m(ST)kg Fuel Req, = — 2T Red:

Air [ FuelRatio




_ 328m’(ST)/m’
10.11m*(ST)/ kg

O, Utilization = 99.0%

(co, +Cco)
co

=4.94

32.1 kg/m?

The advantage of this method (based on average product gas analysis) is that it is independent of
product gas flow metering equipment. However, it can only be used if the product gas analysis is rela-

tively constant.

Method 2:
This method is based on Incremental Production Rate:

For the time period from 0.75 to 11.75 h, cumulative production of product gases was:

Component

Volume [m3(ST)]

kmol(1)

Ny

3.123

0.132

0,

0.008

0.0003

Co,

0.579

0.0245

CO

0.148

0.00626

®kmol = Volume (m3(ST))/23.6445 m3/kmol.

Mass C

(Moles Carbon)

(Moles CO, + Moles CO)

(0.0245+0.00626)kmoles

(0.0308 kmol) (12 kg/kmol)

{12kg\
\ kmol)

12kg

\ kmol/




Mass C 0.369 kg

Moles O, Reacted (Moles O, Injected — Moles O, Produced)

MolesN, )

(
= (——)— - MolesO,Produced
le /y02 feed

(0.78)

( \
= [Qﬂ’-‘ﬂw—l - 0.000SkmolJ
\0.21/

Moles O, Reacted = 0.0352 kmol
. Moles O, in H)O (or L.T.0.)

MolesC 0\
2 )

(Molestreacted — MolesCO, -

\
0.132kmol

\0.21/

Moles O, in H,O = 0.0076 kmol

2kg
kmol

Moles H, reacted = 0.0151 kmol x =0.0303 kg

Mass Fuel = .. Mass H, + Mass C
= (0.0303 + 0.369) kg

= 03993 kg

N, (ST)) 1, . 0.79)
{079y \" o021/
\3.71)

0.3993kg

.. Air/Fuel Ratio =
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Volume of Core Swept

.. Air Requirement

Fuel Requirement

Stabilized H/C Ratio:

Atomic H/C

_ (3.123m(sT))(1+3.71)
- (3.71)(0.3993)

= 9,93 m*(ST)

kg
= (Up) (X-sectional Area) (Time Period)
= (0.144 m/h) (7.767 x 103 m?) (11.75 - 0.75)h

= 0.0123 m?

(VolumeNZ)
(3.71)
0.0123m’

. (4.71)

3.965m°(ST)
0.0123m’

= 322m (STYm?

MassFuel
VolumeSwept

0.3993kg
0.0123m°

=  325kgm’

MassH, X 12kg xlkmolC xlkatomH
MassCarbon kmolC katomC  lkgH
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Stablized [ €%+ C0)
\ co )
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(0.579m*(ST) +0.148m*(ST))
0.148m’(ST)

= 4.91

{VolumeN Volume 0\
\ 3.71 ?)

[ VolumeN,\
\ 371 )/

Stablized O, utilization =

(3123 oo\ s
(57, —0-008) (ST)

(3:123\ 5
\ 371/ (ST)

= 0.990

The stabilization combustion stoichiometry can be expressed as:

1(2m+1 n\ R{2m+l n\N_>

CHn+
Y\2m+2 4/ 0, Y\ 2mez T4

m_co, 4! co.1=Y)(2m+1 +Mo,
m+1 m+1 Y \2m+2 4)7?

R(2m+1 n\N

n
+—H O+
2 2 Y\ omez T2

(co,) _ (co, +co)
(CO) co

Sincem =

m+1=491;m=391
n=H/C=0.98

Y = fraction O, utilized = 0.990

(2m+1 ny 1.143
“\Zm+2 4




1{2m+1 n\_l 155
Y\ om+2 4

R{2m+1 n\
Y\2m+2 4)”

=(3.71)(1.155) = 4.284

m__391_ 4396
m+l 491

Lt

m+1 491

= 0.204

1Y/2m+1 n\ — 0012
Y \2m+2 4)"

n_0%8 _ 649
2 2

CHy os+1.155 0,+4.284 N,-0.796 CO,+0.204 CO
+0.012 0,+0.49 H,0 + 4.284 N,

This is the form of the stoichiometric equation which is often input into numerical simulators.
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CHAPTER 4 — EVALUATION OF AN IN-SITU COMBUSTION PROSPECT

Introduction
Several factors must be taken into consideration when evaluating candidate reservoirs for in-situ
combustion application.These include site geology, reservoir rock and fluid properties, crude oil char-

acteristics, and reservoir geometries.

This chapter discusses the geological, reservoir and fluid properties requirements and their rela-
tive importance to a reservoir engineer evaluating the properties for a particular in-situ combustion

project.

Geologic Characterization »
Reservoir geological characteristics played a major role in the outcome of many past ISC
projects. Examination of the reservoir characteristics of the California, Oklahoma, and Texas fireflood
projects (states that account for more than 70% of the implemented US ISC projects) indicate that the
structure, lateral continuity, and physical characteristics of the individual sand layers within the reser-
voir as well as the reservoir heterogeneities played a significant role in the performance of these

projects.

Lack of good sand continuity (due to complex lateral facies variations) and channeling have
been cited as one of the cause of failure of many California firefloods (Simm, 1967). Since ISC is an
interwell drive process good horizontal continuity is critical to the success of the project. Gaps in for-
mation overburden or leaky interzonal seals in stratified reservoirs can allow fluid to leak into overly-
ing strata and reduce the effectiveness of the injectant. Fractures and joint trends, however subtle, may
create preferential flow channels which influence recovery efficiency. Therefore, a knowledge of the
geologic characteristic of the site is important for the proper evaluation of a prospect for ISC. Ear-
lougher et al. (1970) in analyzing the performance of the Fry in-situ combustion project, Illinois indi-
cated that the reservoir geology played a prominent role in the outcome this project and stressed that
an understanding of the reservoir geology is essential to the design and successful operation of a com-

bustion project.

The objective of a geological reservoir description should be to provide a clear, concise picture
of the qualitative and quantitative parameters of the reservoir so that the engineer can design a scheme

that most appropriately matches the reservoir conditions.




The key geological parameters to be considered when selecting a site for a fireflood project
include: the degree and extent of lateral and vertical reservoir continuity, depth, thickness, structural
attitude and dip, overburden competence, reservoir heterogeneities, and of presence of gas cap and

aquifer.

Lateral and Vertical Extent of Reservoirs.

The continuity of individual sand layers within the producing formation, especially in thin, len-
ticular sands is a factor of major importance to the successful operation of fireflood. In-situ combus-
tion require significantly more capital investment per unit of production than waterflood because of
the need for ancillary equipment, such as the air compressors, has high operating costs and is man-
power intensive.This higher cost means that the volume of 0il in place per unit area must be above a
certain minimum to make the project economically viable. In thin reservoir, the total oil in place is a

function of porosity, oil saturation and areal extent of the reservoir.

The success of the combustion projects in the thin and often poor quality south Texas strand-
plain/barrier island (lagoon and near shore environment deposits) reservoirs such as the Glen Hum-
mel and Gloriana in—situ-combustion projects (Buchwald et al., 1973), the North Government Wells
combustion project (Casey, 1971), the Charco Redondo fireflood (Howard et al., 1976), and the West
Casa Blanca project (Eskew, 1972) is in part can be attributed to the excellent lateral continuity of the
sands.These reservoirs consist of multiple, thin, blanket type oil column that are more widespread and
separated by shale stringers and tightly cemented mudstones. This made it an ideal geometry for

achieving favorable sweep during combustion.

The failure of many early California fireflood projects such as those undertaken in the early
1960s in such fields as Ojai, White Wolf, Placerita Canyon, Pleito Creek, and Tepusquet Canyon.can
also be attributed in part to the lack of reservoir continuity. The formation at these sites, though,
exhibit excellent porosity, good permeability and good oil saturation composed of a series of overlap-
ping sand lenses, separated by interbedded impermeable shale layers. The poor lateral continuity and
compartmentalization resulting from complex lateral facies variation did not permit the free move-
ment of fluids. The general lack of areal continuity and poor understanding of the geology of the site
by early operators contributed to the failure of the process in these reservoirs. Many of these pilots
were unfortunate in site choice because they were done in properties that did not prove to be eco-

nomic as primary producing cases.
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Hence lateral and vertical extent of a reservoir is one of thé key parameter to consider in the site
selection process for an ISC project.The degree and extent of lateral and vertical reservoir continuity
significantly affect the performance of the ISC process. Clean, well sorted sands tend to have good
horizontal and vertical continuity. Reservoir continuity can be reduced by disseminated finer grains,
by the local occurrence of various types of shale interbeds, and cementation materials.The study of
setting in which the sands were deposited can give an approximation of the reservoir continuity in lat-
eral and vertical perspective. A complete characterization of facies distribution would help to predict

how reservoir performance can be affected by flow barriers.

Vertical Depth
Depth of the reservoir is not an handicap to the implementation of ISC process. Economically
successful projects have been implemented in reservoirs ranging in depth from 300-1,1500 ft. Depth, -
however, is a factor in terms of temperature, pressure and well cost. Shallower depth (less than 200
ft.) would severely limit the pressure at which air could be injected. With increasing depth, air injec-
tion pressure generally increases with a corresponding increase in compression cost (larger compres-
sor). Deeper reservoirs are usually hot enough, that spontaneous ignition of in-situ hydrocarbon is

likely upon air injection.

Deeper reservoirs generally contain lighter oils and air injection at high pressure into these res-
ervoir can offer some unique technical opportunities for improved oil recovery. Apart from combus-
tion and the attendant oil recovery by displacement, other reservoir mechanisms also contribute to oil
recovery. These include: reservoir pressurization, flue gas stripping of the light ends of reservoir oil
by the combustion gases, oil swelling and high pressure miscibility effects (Yannimaras et al., 1991).
With greater injection pressures greater injective capacity can be obtained. Thué, with greater injec-

~ tive capacity, well spacing can be enlarged.

Well drilling and completion costs, however, increases with depth. Larger compressors are
needed to meet the injection pressure requirements. Larger compressors are more expensive to pur-
chase, operate and maintain. Depth also effects the fluid lifting costs, especially in wet combustion

process.Thus economic considerations will impose a practical upper depth limit. This may be on the

order of 12,000-12,500 feet.




Reservoir Thickness

Sand thickness is one of the important parameters for the combustion process. The large differ-
ence in density between air and the reservoir fluids gives the air a tendency to override the oil column
and consequently bypass much of the oil if the reservoir exceed a critical thickness. A thin oil sand
tend to counter this override tendency and favor a more uniform displacement and vertical sweep. In a
thin heavy oil reservoir, rapid transfer of heat to the bottom of the sand will permit combustion front
to advance at the bottom more rapidly than it would be possible in a thick sand (Boberg, 1988). If the
sand, however, is too thin high overburden heat losses may drop the temperature below that necessary
to sustain a combustion front and can lead to low temperature oxidations and loss of recovery. Prefer-
ably pay thickness should at least be four feet and should not exceed 50 feet. It is preferable that very
thin reservoirs (less than 8 ft. thick pay) considered for fireflood be contain multiply stacked thin sand
separated by non communicating vertical barriers to take advantage of heat conduction in the vertical
direction.This can not only minimize the heat losses to the overburden but can also aid in promoting
and sustaining high temperature combustion mode in heavy oil reservoirs. The Fry in-situ combustion
project in Illinois (Hewitt and Morgan, 1965; Bleakley, 1971) is a prime example of an successful in-

situ combustion project implemented in multiple thin sand (less than 5 ft. thick) reservoir.

Formation thickness is also an important consideration in reservoirs containing oil not readily
susceptible to auto-ignition. In such reservoirs the near well-bore area must be heated to a high tem-
perature to initiate ignition. If the formation is very thick (>50 ft.) the amount of heat needed to raise
the well-bore vicinity above the oil’s auto-ignition temperature can be very large and expensive. For-

mations up to 60 ft. thick have been ignited using artificial ignition techniques.

Structural Attitude and Dip

Structural attitude and dip are important consideration in the location of wells for a combustion
project. Injected air and combustion front movement will be more rapid toward up dip wells than
toward wells low on the structure. In dipping reservoirs it is advisable to locate the air injectors down-
dip and production wells up the structure to compensate for the expected flow of air up dip. In steeply
dipping resewoﬁs some operators preferred injecting air at the top of the structure to take advantage
of gravity in the recovery of hot mobile crude affected by combustion (Gates and Skalar, 1971). In the
steeply dipping Webster reservoir, the combustion project was initiated as a crestal drive in part, to

heat the oil at the top of the structure and promote migration of oil toward the flanks of the anticline
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(Soustek, 1994). Dip and the resulting gravity dominance played a major role in the economic success

of the Santa Fe Energy Co.’s (now part of Texaco) Midway Sunset Combustion project.

Turta (1995) recommend locating the ISC pilot at the uppermost part of the structure. The rea-
son behind this recommendation is that the burned volume of the pilot located at the upper part of the
reservoir can be more accurately be determine and both the air-oil ratio (AOR) and the incremental oil
recovery due to combustion can be estimated more reliably. Also by locating the pilot updip, resatura-
tion of the burned zone can be avoided in case the air injection is terminated due to compressor fail-

ure.

Overburden Competence
The producing formation at the project site must site have sufficient and competent overburden
so as to confine the injected air within the pay zone. Gaps in oil sand overburden or leaky interzonal

seals in stratified reservoirs can allow fluid ‘leaks’ into overlying strata.

Reservoir Heterogeneities
Reservoir heterogeneities impacting in-situ combustion recovery performance include perme- |
ability barriers to lateral and vertical flow, natural fractures, high permeability thief zones, directional

permeability, presence of gas cap and aquifers.

Permeability barriers can have both positive and negative effect upon the in-situ éombusﬁon
process. As a positive effect, vertical permeability barriers can divide a thick reservoir into smaller
units, which may be more compatible with the in-situ combustion process. Vertical barriers can also
act as a seal to upward migration of injected air and may result in a more uniform burning in relatively
thick reservoirs. As a negative effect, horizontal permeability barriers can reduce the reservoir conti-

nuity and recovery.

Fractures and joints are secondary properties that may create preferential flow channels and
influence the recovery. A thin zone of high permeability at the top of the reservoir extending from one
well to another constitutes a hazard to fireflood by thiefing air and starving the fire front of needed

oxygen.

Directional permeability resulting from the anisotropic characteristics of the reservoir has a
major influence in the performance of many in-situ combustion project. These include the Iola fire-

flood in Kansas (Hardy and Raiford, 1975), Fry in-situ combustion project in Illinois (Earlougher et




al., 1970) and the Webster fireflood, in the Midway Sunset field, California (Soustek et al., 1994).
Grain size and its orientation contribute to the existence of directional permeability in a heteroge-
neous reservoir. Often the orientation of the medium to coarse grained sands establish the direction of
high permeability zone. Directional permeability can cause air to flow more freely in one direction
than in any other direction and result in uneven burn.Existence of directional permeability alone is not
a sufficient cause to reject a site for fireflood. By selectively locating the wells in the direction of per-

meability, the recovery can be maximize.

Presence of free gas caps or thin layer of high gas saturation at the top of the sand is not a desir-
able geological feature for fireflood operation because they can act as a thief zone for injected air and
promote uneven burning. Presence of bottom water leg or aquifer, though, not desirable from the
point of anisotropy is not an impediment to the success of a fireflood project. Many successful
projects as the Glen Hummel, Gloriana, Trix-Liz, N. government Wells fireflood in Texas were imple-
mented in reservoirs with active aquifers. In these projects the aquifer not only provided pressure sup-

port to the reservoir but also acted as a conduit to transfer the heat ahead of combustion front.

Though, reservoir heterogeneity can have adverse effect on project performance their impact
can be minimize through recognition of the distinctive architecture of the reservoir and tailoring the
project to accommodate this architecture. Firefloods implemented in highly heterogeneous reservoirs
also often require unique reservoir management strategies to make the project economically viable.
Some examples of successful fireflood projects where the combination of unique engineering design
and reservoir management strategies overcame the many conditions considered adverse to the success
of the process include Unocal’s Brea-Olinda fireflood in Orange County, California (Showalter,
1974), Mobil’s Moco fireflood in the Midway-Sunset field (Curtis, 1989; Soustek, 1994), and Mobil’s -
North Government Wells fireflood in South Texas .(Casey, 1971). |

Rock Properties
The key rock properties of interest to an engineer evaluating a prospect for the application of in-
situ combustion process are: sand texture, permeability and its distribution, porosity, and composition
of rock matrix. In many firefloods, especially those implemented in light oil reservoirs rock composi-

tion is more important than oil properties in determining the amount of fuel available for combustion.
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Sand Uniformity and Texture

Oil sands often vary considerably in their characteristics both vertically and laterally. The
degree to which heterogeneous sand approaches homogeneity or uniformity, however, impact the fire-
flood performance. Actual grain size and grading, shape of grains, character and amount of cementing
material determines the physical characteristics and properties of the reservoir. The size, shape and
sorting of the grains determine the porosity and permeability of sand. Coarse, well-sorted and

rounded sand grains result in a high porosity, high permeability reservoir.

The permeability profile (permeability variation) as determined from core analysis, is a valuable
information for determining the relative homogeneity of the sand. Generally the greater the degree of
uniformity exhibited in a profile more uniform the burn will be. However, there are many instances of
economically successful firefloods in sandbodies with relatively poor permeability profiles (Casey,
1971; Soustek, 1994). In the Mobil’s Webster reservoir combustion project, where sand bodies are
lenticular and anisotropic, the success of the project was attributed to tailoring the operating policy to
suit the reservoir architecture. In this reservoir the bumn front advanced more rapidly through the high
permeability medium to coarse-grained sands than through finer-grained, thin medium bedded sands,
reflecting the influence of anisotropy on the lateral rate of movement of burn. Proper reservoir surveil-
lance and modification of production strategy based on the timely identification of heat breakthroughs

were cited as the keys to the success of the project (Soustek, 1994).

Thus from an oil recovery and sweep efficiency aspect the degree to which a particular profile
correlates from one well to another is more important than the exact shape or dimensions of that par-

ticular profile.

Permeability
The actual value of permeability has very little effect on the mechanics of combustion process.
Economically successful firefloods have been implemented in less than 10 millidarcy carbonate light
oil reservoirs (Miller, 1995). The only requirement for permeability is that is must be adequate to per-
mit air injection at a pressure compatible with overburden at an acceptable compression cost. In vis-
cous heavy oil reservoirs too low permeability may fail to provide the minimum air flux needed for
sustained combustion. Low permeability also increases air injection pressure requirements and com-
pression costs, and prolongs the operation. Low permeability in a viscous (greater than 100 cp.) shal-
low reservoir can limit the injectivity and promote low temperature oxidation. In such reservoirs a

permeability greater than 100 millidarcies would be necessary.




Porosity

High porosity is desirable, since it directly reflects the volume of hydrocarbons that the rock can
 hold. In the U.S,, economically successful firefloods have been implemented in reservoirs whose
average porosity range from a low of 0.16 to high 0.38. As porosity decreases, the amount of heat
stored in the rock increases. A lower porosity will not have a significant impact on overall energy uti-
lization in wet combustion process because part of the heat stored in the burned volume of the reser-
voirs will be recovered through scavenging operations. The main impact of porosity will be in its oil
content. The economic success of a fireflood is dependent more on the actual value of the oil satura-
tion-porosity product (fSo) than on porosity. Porosity lower than 0.2 is acceptable only if the oil satu-

ration is greater than 0.45.

Oil Saturation
A minimum oil content (the product of oil saturation and porosity) is necessary in order to offset
the consumption of oil as fuel in an in-situ combustion process. A widely accepted rule-of-thumb in
the industry is that if fSo is less than 0.09 or 700 bbl/ac-ft. dry combustion should be eliminated from
further consideration. This arbitrary cutoff simply implies that the reservoir should have enough
recoverable oil to cover the energy requirements of the process and supply additional production to
make the procéss economically attractive. For wet combustion where the fuel laydown is lower some-

what lower oil saturation is acceptable.

Composition of Reservoir Matrix
The economics and applicability of fireflood in a reservoir is dictated to a large extent by the
nature and amount of fuel formed in the reservoir. If sufficient fuel is not deposited the combustion’
front will not be self-sustaining. Conversely if excessive fuel is deposited, the process may result in
dismal economics due to high air requirements, high power cost and low oil recovery rate. Consider-
able laboratory and some field evidence exists indicating that the mineralogical composition of the
reservoir rock and chemical composition of the crude oil can effect the amount of fuel available to

sustain combustion.

Actual laboratory measurements of fuel formed using reservoir rock and crude indicate rock
type is probably more important than the crude properties, particularly in light oil reservoirs in deter-
mining the amount of fuel deposition in the reservoir (Earlougher et al., 1970). The clay and metallic
content of the rock, as well its surface area has a profound influence on fuel deposition rate and its

oxidation. Presence of clays and fine sands in the matrix favor increased rates of fuel formation.
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Increase clay content particularly kaolonite and illite favor increased rates of fuel formation by favor-
ing low temperature oxidation reaction. Rock minerals such as pyrite, calcite, and siderite also favor
fuel-forming reactions. Low air fluxes resulting from reservoir hetrogeneneities and oxygen channel-

ing also promote low temperature oxidation and fuel formation reaction.

Results from the Fry in-situ combustion project showed fuel deposition varied with the litho-
logic characteristics of the rock. In the laboratory tests a very fine to fine grained sandstone containing
significant amount of pyrite and siderite deposited a greater amount of the fuel than medium grained
sandstone containing similar amount of pyrite. Similarly medium grained sandstone core containing

large amount of clay material yielded the largest amount of fuel (3.3 Ib./cu.ft. rock).

Effect of Well Spacing
Problems may arise in two ways when determining well spacing. If the well spacing is too close,
the combustion front may experience early gas breakthrough, while if the well spacing is too large,
the oil production rate will be slow, thus prolonging the life of the project and making the economic

unattractive. Hence, the well spacing should be in the optimum range to maximize oil recovery.

Geological considerations are quite important in determining the optimum flood pattern and
well spacing. The wells should be spaced to fit the geological pattern of the sand. Many of the sand
bodies in the U.S. where fireflood had been implement are not continuous sheets of sand, but are len-
ticular in shape. These sand bodies frequently exhibit anisotropy parallel to the bedding.The perme-
ability of the sand in one direction therefore is greater than in another. In such anisotropic, lenticular
reservoirs, it is advisable from a stratigraphic standpoint drill injection wells at right angle to the
direction of high permeability trend and at closer spacing. The production wells can be drilled albng
the trend on a wider spacing (600 ft. or greater). Such a flood pattern had been adopted in some of the

fireflood projects, implemented in the narrow “shoestring” pools of S.E. Kansas.




Prospect Screening
Assessing the suitability of a prospect for an oil recovery process consists of (1) evaluating
available information about the reservoir, oil, rock, water, geology and previous performance, (2) sup-
plementing available information with certain relevant laboratory screening tests, and selecting the

candidate reservoir that best match the process requirement. .

In-situ combustion has been successfully implemented in reservoirs with widely differing rock,
fluid, and geological characteristics. This render the development of satisfactory guidelines to screen
reservoirs for combustion application difficult. Since the success of a combustion project depend to a
large degree on the geologic characteristics of the reservoir, any proposed guidelines for selecting res-
ervoir for combustion application must include the rock, fluid, as well the geological requirements.

- An applicability criterion for combustion process is given in this section. It is intended as informa-
tional guide rather than absolute constraints. These are general guidelines that reflect current technol-
ogy and economic climate. Each prospect should be examined closely on an individual basis and

engineering judgement applied before a decision can be made to pilot test the reservoir.

Screening Criteria

Oil
Viscosity: Preferably less than 5,000 cp at reservoir condition.
Gravity: 10-40°API

Composition: low asphaltic, low heavy metal content crude. Heavy metal (Va, Ni, etc.) should

be preferably less than 50 ppm.

Water

Connate water properties are not critical.
Lithology

Heavy oil reservoir: Low clay content; low in minerals that promote increased fuel formation

such as pyrite, calcite, and siderite as well low in heavy metals.

Light oil reservoirs: Lithology that tends to promote fuel deposition is preferred.
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Reservoir
Depth: 300 — 12500 ft.

Thickness: 5- 50 ft.

Permeability: Not critical

Porosity: > 0.18

Oil concentration: 700 bbl/ac-ft, fSo > 0.09

Transmissibility: ﬁﬁ = 20 md-ft/cp
0

Factors Which Increase Risk

Extensive fractures

Favorable Factors

1. High reservoir temperature

2. Low vertical permeability
3. Good lateral continuity

4. Multiple thin sand layers

Large gas caps
Strong water drive

Highly heterogeneous reservoir

5. Good overburden competence
6. High dip

7. Uniform permeability profile
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CHAPTER 5 — ENGINEERING OF AN IN-SITU COMBUSTION PROJECT

In-Situ Combustion Performance Parameters

Several variables affect the performance of an in-situ combustion process. The most important
parameters are fuel deposit, air requirement, air flux, air injection rate, air-oil ratio, injection pressure,

and oil recovery rate.

Fuel Deposit
The quantity and type of fuel deposit is an important variable and is expressed as pounds of fuel
per cubic foot of formation. The fuel burned per reservoir volume determines how much heat is gen-
erated. It also determines the amount of air required, the rate of burning front advance, the rate of oil

recovery, and project life.

Fuel deposition is a function of crude oil properties, oil saturation, formation permeability, and
temperature in the combustion zone. Fuel deposition can be determined experimentally using a com-
bustion tube (Figure 5.1). Laboratory combustion tube tests have indicated that, in general, higher
fuel depositions are expected with heavier and more viscous crudes. Figure 5.2 shows a correlation of
fuel deposit with oil gravity obtained from laboratory studies. Based on laboratory combustion tests
in preserved or restored cores and from field data, Chu (1982) presented the following regression cor-

relation (Equation 5.1) to calculate fuel content for field projects.
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FIGURE 5.1 — Schematic of a Laboratory Combustion Tube, Depicting
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FIGURE 5.2 — Relationship Between Crude Gravity and Fuel Deposit

M =-0.12 + 0.002624 + 0.000114% + 2.23 S, + 0.000242(kA/u) — 0.000189z — 0.000652u  (5.1)

where M = fuel content (Ib/ft.3), h = reservoir thickness (ft.), k = permeability (md), So = oil satura-

tion (fraction), m = viscosity at reservoir temperature (cp), and z = depth (ft.).

The foregoing correlation can be used as a first approximation for the fuel deposition of a crude
for a prospective field project. Actual combustion tube tests can be conducted later to obtain a more

refined estimate.
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Figure 5.3 shows graphically, the minimum fuel requirement to maintain a fixed combustion

front temperature as a function of porosity.

Air Requirements
The volume of air required to burn a unit volume of the reservoir based on stoichiometric analy-
sis of the combustion gas produced from combustion tube is shown in Figure 5.4. In the absence of
laboratory data, this figure can be used for preliminary estimates of air requirements. The air require-
ments determine the compression capacity needed, and is one of the more important parameters due

to its effect on the overall project economics. The amount of air required to burn a unit mass of fuel is
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a function of the amount of carbon and hydrogen in the fuel and the ratio of carbon dioxide to carbon
monoxide produced by the combustion, as shown in Figure 5.5. The hydrogen-to-carbon ratio of the

fuel deposited during a fireflood usually ranges between 0.1 and 0.15.
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FIGURE 5.4 — Relationship Between Qil Gravity and Air Requirement
(assumes 100% combustion)

For most firefloods, a value of 180 scf air/lb fuel is often used when laboratory data are not
available. Based on field performance data, Chu (1982) presented the following regression equation

(Equation 5.2) that relates air requirements to reservoir properties:

A =4.72 + 0.03656A + 9.996S, + 0.000691% (5.2)

where A = the air requirement (million scffac-ft.). Lacking sufficient laboratory data to calculate the
stoichiometric air requirements, the previous equation can be used to obtain a rough estimate of the
air requirement. The equation does not account for the crude’s burning characteristics. Based on
reported data, estimated air requirement in million scf/ac-ft. is about ten times the fuel content in 1b/
ft.3 of burned volume. For example, if the fuel content is 1.5 1b/ft.3, the air requirement will be about
15 million scf/ac-ft.
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Air Flux

The combustion front can move only as fast as air is supplied to consume the amount of fuel
deposited, since all the fuel must be burned. Laboratory tests indicate that at relatively high air fluxes,
the combustion is quite vigorous, resulting in combustion temperatures of about 1,000°F for nominal
fuel deposition (1.5 Ib/ft.?). However, lower air fluxes result in lower combustion temperatures. As air
flux is reduced further, the process approaches a point where the heat losses exceed the rate of heat
generation, and the combustion front is extinguished. Thus, the minimum air flux is a function of both
the fuel deposition and heat losses. In a field situation, the air flux required to sustain combustion

increases with oil gravity and decreases with pay thickness (see Figure 5.7).
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FIGURE 5.7 — Relationship Between Crude Gravity and Required Minimum Air Flux

For Mobil’s Midway-Sunset combustion project, the minimum burning rate of 0.15 ft./day
translates into an air flux of 2.15 scf/hr/ft.2. The calculated velocity of the combustion front movement

for various air flux and hydrogen‘\carbon ratios is shown in Figure 5.8.
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Air-0il Ratio
The air-oil ratio (AOR) is the single most important economic parameter in fireflooding. It is a
measure of the quantity of air that must be injected to recover a barrel of oil. It is used along with unit
air cost to determine the air injection cost per barrel of oil produced. The AOR is a function of the oil

in place and the fuel burned.
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FIGURE 5.9 — Theoretical Air-QOil Ration vs Fuel Deposit
(Assuming 100% Recovery of Displaced Oil)

Figure 5.9 shows the relationship between oil saturation, fuel content and theoretical air-oil
ratio. The theoretical air-oil ratio is the volume of air injected per barrel of oil displaced from the
burned volume. The oil displaced is equivalent to the oil in place less the oil burned as fuel. In com-
parison, the produced air-oil ratio is based on the air requirement of 180 scf/lb of fuel burned. For
example, if the oil in place were 1,000 bbl/ac-ft. and fuel consumption were 1.0 1b/ft.? of reservoir, the

AOR would be 7,850 scf/bbl for the swept region.
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The following regression correlation developed by Chu (1982) from the performance history of
field projects can be used (Equation 5.3) for estimating AOR (mcf/bbl) in terms of reservoir rock and

fluid properties:

AOR =21.45 + 0.02221 + 0.001065k + 0.002645u — 76.766S, (5.3)

where ¢ = porosity.

The AOR is affected by the geometry of the oil field well pattern. A common practice in the field
projects is to convert four inverted S—spot patterns to one nine-spot pattern, thereby reducing by half
the air injection rate while burning the same reservoir volume with only a small reduction in produc-

tivity.




Injection Pressure
A major expense in a combustion project is the cost of compressing air. The size of the compres-
sor depends not only on the required air injection rate, but also on the discharge pressure required. Air
injection pressure is dependent primarily on the permeability of the formation to air, selected air

injection rate, well spacing, and formation depth.

The preferred way of determining the required air injection pressure is to run actual air injection
tests in the field. For design purposes, the values obtained from such tests should be increased by
some reasonable factor (such as 30%) to take care of any unexpected pressure increases during com-
bustion operation. Nelson and McNeil (1961), on the basis of several field tests (for a large number of
adjacent S—spot pattern), suggested the following formula to calculate the necessary injection pres-

sure:

L (T+a60)[ (22
w=Fut 503 h l"{rw A t) B 1'238] G4

where P;, = injection well bottomhole pressure (psia), P, = production well bottomhole pressure
(psia), i, = maximum air injection rate (scf/day), u, = viscosity of air (cp), T = reservoir temperature
(°F), k, = effective permeability to air (md), h = net pay thickness (ft.), a = well spacing (ft.), r,, = pro-
duction well radius (ft.), V,, = burning zone velocity (ft./day), and t = time to reach maximum air rate

(day).

‘ Oil Recovery Rate
In the laboratéry, the oil recovery for an ISC recovery program usually ranges between 60% and
90% of oil in place. This high oil recovery usually results from burning mobile crudes in high-poros-
ity sandpacks containing high initial oil saturation. Oil recoveries in the field are much lower than lab-
oratory oil recoveries due to lower horizontal and vertical sweep efficiencies. Graphical correlations
have appeared in the literature to estimate oil recovery (Brigham et al., 1980). These correlations may
be used in preliminary design work. However, they may not be valid outside the range of data used for

their development. These correlations are fully discussed in a later section.
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In-Situ Combustion Project Design

Several authors have presented procedures to engineer an in-situ combustion project (Nelson
and McNeil, 1961; Gates and Ramey, 1980; Brigham et al., 1980; Fassihi et al., 1981; Naji and Poett-
mann, 1991). These were developed based on reported field performance data. The calculations are

relatively simple and can be carried out using a spreadsheet program or a programmable calculator.

In the following we present the Nelson and McNeil, Gates and Ramey, and Brigham et al.

method to engineer a dry in-situ combustion project.

Nelson-McNeil Method
Nelson and McNeil (1961) presented an engineering procedure to evaluate the performance of a
dry in-situ combustion project. Although a large number of assumptions were made, the method is
based on considerable field experience and may give reasonable estimates. They presented equations

to calculate:
1. Total project air requirement.
2. Air injection rate.
3. Total oil recovery.
4. Oil production rate.

The method, though, relatively simple require experﬁnental combustion tube data to calculate
fuel lay-down and air requirement. A step-by-step procedure to calculate oil and water production is

described b¢low.
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Fuel consumption and air requirement are calculated based on laboratory experiments. In Equa-

tion 5.5 to 5.16 the following nomenclature is employed.
D = Inside diameter of the combustion tube, ft.
L = Length of the pack burned, ft.
¢ = Porosity, fraction
V,, = Volume of the produced gas, scf
N,, = Volume fraction of nitrogen in injected air
0,, = Volume fraction of oxygen in injected air
N,, = Volume fraction of nitrogen in produced gas
O,, = Volume fraction of oxygen in produced gas |
CO,, = Volume fraction of carbon dioxide in produced gas

CO, = Volume fraction of carbon monoxide in produced gas

It is assumed that the nitrogen is completely inert in the reaction, and all the injected nitrogen is

produced.

Carbon in the fuel burned = Wc = (CO, produced + CO produced) x (12/379) =
[(Vg x CO,,) + (Vg x CO,)] x (12/379) Ib. (5.5

Water formed by combustion = W, = 2[(Oxygen injected — Unreacted oxygen produced) — (CO, pro-
duced) - 0.5 (CO produced)] x (18/379)

W = 2[(V x Nog x 00/Ny,) — (Vg x Oz) = (Vg x COyp) — 0.5 (V,, x COp] x (18/379) Ib. (5.6)

159




Hydrogen in the fuel burned = Wy = 2[(Oxygen injected — Unreacted oxygen produced) —
(CO, produced) — 0.5((CO produced)] x (2/379)

Wy = 2[(Vg x Ny x 02,/N,,) = (Vg x CO,p) - 0.5(V, x CO,)] x (2/379) 1b. 5.7
Total fuel consumed = Wy =W, + Wy Ib (5.8)
Volume of sand burned =V, = (n x D?/4) x L | : (5.9
Ppunds of fuel consumed per cu.ft. of sand burned = W = (WF/Vb) (5.10)

Pounds of fuel consumed per ac-ft. of reservoir burned = Wy = (43560 W) x (1-¢p)/(1-0p) (5.11)

Where ¢ = porosity of the reservoir and ¢, = porosity of the sand pack.

The next step is to compute the total air injected and the volume of the reservoir sand burned.

Total air injection V, = (N, injected + O, injected) scf

V, = [V x Npg + (Vg x Nag) (05/Ny )] scf (5.12)

The air injected per pound of fuel consumed = V,/Wg (scf/lb) (5.13)
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Air injected per cubic feet of reservoir sand burned = A = (V,/Wg) x (W) x [(1-¢g)/(1-¢p)]

= (4 V, F/(xD?L) (scf/cu.ft.) (5.14)

Where F = (1-¢g)/(1-¢p)

Assuming an areal sweep efficiency of 62.6%, the air required in MMscf per acre-ft in the 5-

spot pattern is computed as:

Air injected per ac-ft of pattern = (0.626 x 43560 x A x 10%) (MMscf/ac-ft) (5.15)

The total air requirement for a given pattern V1 = (Air injected/ac-ft) x
(Volume of sand burned in ac-ft) (5.16)

Let ‘u’ be air flux or the volume of air required per square foot of burning front per day

u = Av (scf/day-sq ft.) (5.17)

Where ‘v’ = burning front advancement rate, ft/d and ‘A’ = air injected / cu.ft. of reservoir sand

burned.

In a combustion project the air flux will be different from point-to-point along the combustion
front, depending upon the relative location of the injector and the producers and the position of the
combustion front. If the air flux at a location is insufficient to support combustion, the fire goes out
and results in limited areal sweep. Nelson and McNeil (1961) for calculation purpose introduced a
dimensional flow term (ip) to calculate the air injection rate necessary to achieve a given sweep effi-

ciency of the combustion zone.




This dimensional flow term, iD is calculated as:

ip = i,/(Upy, ah (5.18)

where i, = maximum pattern air injection rate, scf/day

Uy, = minimum air flux required to sustain combustion, scf/day-sq.ft. of burning front area.

Nelson and McNeil presented the following table showing sweep efficiencies corresponding to

various values of i,

TABLE 5.3 — Relation between Dimensional Flow Term i, and Areal Sweep Efficiency

ip Areal Sweep Efficiency at Breakthrough
3.39 50.0%
4.77 55.0%
6.06 57.5%

o 62.6%

Although the total air requirement for the 5-spot pattern was calculated previously on the basis
of 62.6% sweep efficiency, it can be seen from the above table that infinitely high air rates would be
required to achieve this areal sweep efficiency in practice. Nelson and McNeil suggest that in the air

rate calculation one should use a sweep efficiency that will give a reasonable value of ip.

In the design method proposed by Nelson and McNeil, the air injection rate depends on the
desired rate of advance of the burning front. They found a satisfactory burning rate of 0.125-0.5 ft/
day. In the proposed method, a maximum air rate based on the minimum burning rate of 0.125 ft/day

and55% areal sweep (ip, = 4.77) is first determined.

Air rate (scf/day) = i, = ipu,;,;ah =4.77 A (0.125) ah (5.19)
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Then a time schedule is chosen so that the air rate would increase gradually to the maximum

rate, hold at this rate for a definite period, and then reduce gradually to zero (Figure 5.11).
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FIGURE 5.11 — Air Requirements for Inverted Developed 5-Acre, 5-Spot
Well Pattern with 30 ft. Formation Thickness

Field tests indicate that the movement of the burning front during the early stages of burning is
essentially radial and about 10% of the pattern area will have been swept during the radial displace-
ment of the front. Nelson and McNeil contend that if the front velocity (v;) in the increasing rate
period exceeds the minimum burning velocity by a factor of three or greater, the constant maximum
injection rate will be reached before 10% of the pattern area has been swept regardless of the pattern

size.

If r, is the radial distance in feet at the end of the increasing air injection rate period, and r; is the
radial distance to the burning front (r; = ), the air flux rate in scf/day during the radial phase of the

displacement, can be calculated from the following equation:

ia = 2J1:I‘thV1
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Air injection rates, for a range of values of rf are calculated until the maximum air rate specified
'by Equation (5.19) has been reached. Beyond this point, the air flux rates will began to decline, and

the burning front advance rate will be slowed.

The time in days (t;) required for the increasing rate period of the operation may be calculated

as follows:

t, =1,/v; = i,/27hAv,? (5.21)
1 ILAST a

The volume (V) of air injected during this period in MMscf is:

V, = 0.5(t,i,) (5.22)

Next during the final stage of the burning operation decreasing air injection rate will be used and
the air rate is decreased linearly from the maximum rate i, to zero. For the purpose of balancing a
burning operation, Nelson and McNeil assumed that the volume of air V; injected over time, t; during
the final stage of burning is identical to the volume .injected during the increasing air injection rate

period. Thus, by this assumption:

Vi;=V,andtz =t (5.23)

If V1 is total volume of air injected to burn the 5—spot pattern in the field (Equation 5.16), then

- the volume of air V, injected at the constant (maximum) rate period will be

V2 = VT - Vl - V3 MMSCf

The time in days required for this part of the operation is

tz = V2 X 106/1a
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The total time required in days for the entire burning operation is

tt= tl + t2 + t3 (5.26)

In the design of an in-situ combustion, knowledge of air injection pressure is needed to size the
compression facilities. The most reliable method of determining the required air injection pressure is
to run actual air injection tests in the field. However, this is not possible or practical in most situations.
For preliminary appraisals of in-situ combustion projects, Nelson and McNeil recommend the use of
following expression to estimate injection préssure. This expression was developed modifying the

steady state radial flow equation for a compressible fluid in a developed 5—spot pattern.

w 0.703k ,h

in T
P.2 =P3V+(M)x{ln
rwvltl

— 1.238jl (5.27)

Where:

P,,, = injection well bottom hole pressure, psia
P, = production well bottom hole pressure, psia
i, = maximum air injection rate, scf/day

u, = viscosity of air, centipoise

T; = formation temperature, °R

a = well spacing, ft.

t, = time to reach maximum air rate, days

k, = effective permeability to air, md

h = formation thickness, ft.

1,, = production well radius, ft.

In Equation (5.27) Py, is usually low and can safely assumed to be atmospheric, because the pro-
ducer will be kept drained at the time of maximum injection pressure. The effective permeability , is

usually not known and must be estimated. If no information is available on which to estimate k,, Nel-
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son and McNeil recommend that a value of 5% of the specific permeability be used. T; can be mea-
sured in the field and pa can be estimated from correlation at this temperature. Since additional
pressure beyond that indicated by Equation (5.27) will occur in the injection system and in the injec-

tion well, the compressor must be sized for pressure higher than indicated by eqn. 5.27.

The oil production mechanism in a combustion process is complex and the total amount of oil
displaced by the combustion front is dependent on the volumetric sweep of the front. Field data indi-
cate that in addition to the oil displaced by the front to the producer, considerable volume of oil are
also produced as a result of depletion of unburned but heated regions adjacent to the burned zone. The

volumetric efficiency is a product of invasion efficiency E; and areal sweepo efficiency E,.

ie., Ev=E xE, (5.28)

If the areal and invasion efficiencies are assumed to be in the range of 55%, the overall effi-

ciency is calculated as 30%.

Assuming the specific gravity of the oil consumed as fuel (coke) as 1.0 (10°API oil), Nelson and

McNeil gave the following expression to calculate the oil displaced per acre-feet of the reservoir

burned:
S,9r  WF\ bbl
Ny = 43560( 5615 Es‘ﬁ) ac— ft. (5.29)
where:

S, = oil saturation in % pore space

350 = density of 10° API oil

Post burned cores taken from many combustion projects indicate that in heavy oil reservoirs,
more than half of the oil in the regions not contacted by the fire front may have been produced by a
combination of gravity drainage and hot gas drive. Nelson and McNeil indicate that for preliminary
design purposes, 40% of the produced oil can be assumed to have come from the unburned region of

the reservoir. The equation for the oil displaced from the unburned region of the reservoir is:
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0‘4S0¢R> bbl
5615 /ac - ft. (5.30)

N, = 43560(
The total oil recovery N; from the burned and unburned region is given by:

N, =E, x N, + (1-E)) x N, (5.31)

The overall recovery efficiency is:

N;x5.615

Ep = 5.32
R ™ 43560 x S, x ¢p (5:32)

The total water production due to in-situ combustion is calculated as the sum of combustion
water plus the water originally present in the burned zone. This assumes that the water contained in
the unburned region is immobile and remains constant through out the burning process. Then the total

water produced in barrels per acre-feet of reservoir rock in the well pattern is calculated as:

_ 43560 Ev( 4w F SW¢R) (5.33)

W =
P~ 7100 \3507 D2 3615

In-situ combustion field tests indicates that though the production-rate history vary widely from
one reservoir to another, the oil production rates are low during the initial air injection phase and
increases rapidly as the heat of combustion approaches the producer. The peak production generally
occurs during the first half of the operating schedule. In the absence of specific information, for the
purpose of project design the oil production rate can be assumed to be proportional to air injection
rate. This implies a constant injected air to produced oil ratio and the oil producing rate curve will

have the same shape as the air injection rate curve.

The daily oil production N,, is calculated by multiplying the average daily air injection rate by
the barrels of oil produced per MMscf of air injected.




Thus,

N - [EVN1+(100—EV)N2]X 10° bbl
P~ [ 100 100 43560 x 0.626 x A MMscf

(5.34)
If the initial water saturation is immobile, no water will be produced during the initial air injec-
_tion phase. As the combustion front progresses toward the producer, water production will increase
due to the formation of a water bank. The water production rate usually will accelerate once the flush
production from the oil bank ceases. To facilitate the estimation of water production rate, Nelson and
McNeil recommend that the produced water oil ratio to remain constant. This implies that the barrels

of water produced per MMscf of air injected will be a constant:

i 6
E,x 10 [ W, F Sw(b,ﬂ bbl. water

P~ 0.6264 | (350)y p2 L 5-615 |MMscf air 535

In the following an example problem is presented to illustrate Nelson and McNeil’s design pro-

cedure.
Using the data given (Table 5.4), calculate the following:

1. The total air requirement per acre-ft. for a 5—spot pattern assuming an areal sweep effi-
ciency of 62.6%.

2. The total air needed for a 5—spot pattern.

3. The air flux for a burning-front advance rate of 0.125 ft./day.

4. The maximum air rate for the field pattern at a frontal advance rate of 0.5 ft./day.
5. The time required to reach the maximum air rate.

6. The volume of air injected to reach the maximum air rate.

7. The volume of air injected during the constant-rate period.

8. The duration of the constant rate period and the total time for the entire operation.

9. The maximum air-injection pressure required (let u,; = 0.0186 cp).
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10. The compressor-plant horsepower required for an operating sequence of four patterns
assuming three stages of compression and a compressor horsepower requirement of 80 mil-

lion scf/day/stage.

11. The oil displaced from the burned reservoir, the oil displaced from the unburned reservoir,

and the total oil recovery and over-all oil-recovery efficiency.
12. The oil recovered per million scf of air injected.

13. The maximum oil production rate.

Solution

Laboratory Data: The combustion tube experiments showed that the fuel consumes per acre-ft.

of reservoir burned was 87,120 lb/acre-ft. and the air requirement was 388 scf/ft.3.

TABLE 5.4 — Field Data

Pattern area Sac
Distance between injection and production wells 330 ft
Formation thickness 30ft
Formation temperature 85°F
Production bottomhole pressure 14.7 psia
Porosity 35%
Specific permeability 500 md
Oil saturation 55%
Water saturation 40%
Volumetric sweep efficiency 30%
Production well radius 0.276 ft
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Solution

The laboratory data gives the fuel burned as 87,120 1B/acre-ft. For on oil gravity of 1.0, the fuel

burned becomes:

87,1201bs/acre - ft
3501bs/B

=248.91 B/acre - ft

Each item of the method is calculated below.

1. The air requirement for the laboratory experiment was 388 scf/ft.?. This can be converted to
acre-ft. as

10°5 mmscf

MSCf{388 scf)( ’ 2

=16.9
sef \ )

acre acre - ft

For a 5—spot pattern with areal sweep efficiency of 62.6%, the total air requirement is

(16.02mTY () 626) = 1055 St

\ acre - ft/ acre - ft

2. The total air needed for the S—spot pattern is thus

Total Air = (388 5 (0.626)(Volume of 5-spot)

Volume of 5-spot = 2L’h

where L = distance between injector and producer, and h = formation thickness.

_ mmscf

Total Air = (388%)(0.626)(2)(330)2(30)10

= 1,587 mmscf
scf

3. The air flux for a burning front advance rate of 0.125 ft./day is

Air Flux = [ 3885°f\( 0.125% scf
R\ D) ft’D
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4. The maximum air rate is approximated by the relation

Maximum Air Rate = (Air Flux)(4.77)(L)(h) x 10-¢
= (48.5)(4.77)(330)(30)10-¢

= 2.29 million scf/day

5. The time required to reach the maximum air rate is

229 x10° 5%
D

Time =

(388 5T\(, )
27h (388 }(vl)

where v, = maximum frontal advance rate of 0.5 ft./day.

=125.3 days

229x10°%F
t, =Time = 5
27(30)(388)(0.5)
6. The volume of air injected for this period is
(1253 days){ 2.20 5F)
v - \
L=
2

V, = 143.4 million scf

7. 'The volume of air injected during the constant rate period is (See Figure 5.12)

V2 =VT0T - 2(143 .4)
V, = 1587 - 2(143.4)

V, = 1300 million scf

171




8. The duration of the constant rate period is

_ 1300mmscf

2 T T mameet
2.ngmscf

= 567.75 days

The total time for the entire burning operation is

tTOT = t2 + 2t1
tror = 567.75 + 2(125.3) -
tror = 818.35 days = 2.24 years

9. The maximum air injection pressure is given by

P2+ P2 +(q,, T/0.703kk)  [in(a® /r,m1,) ~1.238]
where

P, =147 psia
q, = 2.29scf/D
u, =0.0186 cp
T, = 85°F + 460 = 545°R
k, = 5%(ksp) = (0.05)(500) = 24md
h =30 ft

a =330 ft
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r, = 0.276 ft
v, =05 ft/D

t =125.3days

i . (2:29)(10°)(0.0186)(545)
P, =(147) + (0.703)(25)(30)

(330)° 4
{l”[(o.276)(0.5)(125.3)] - 1'238}

P2 =216.1+4.403 x10°[1n(6.29 x 10° - 1.238) |
P} =216.1+4.403x10*(7.51)

P2 =216.1+3.307x10° = 3.309 x 10°
P, = 575 psia

10. The compressor horsepower requirement for a four pattern sequence is given by

*

bhp = (4)(2.29 mIESCf)@ stages)(sg—l)hi“—)

mmscf, stage

bhp = 2418.2 bhp

This is the horsepower required per stage for an 85% overall efficiency and a 5 psi
pressure drop across the interstage coolers.




11. The oil displaced per acre-ft. burned is given by

ft? WF
N, = 43,560 S¢/5.61x10%)-—
! ( acre)[( $/561x10°) 350]
N, = (43,560) (55)(35)4 _207_ 1.246 x10° B
5.61x10" 350 acre - ft

where S, = oil saturation, ¢ = porosity, and WF = fuel consumed per ft.2.

b\ 1
WE = (87,120 -2.0lb / f®
\ acre — ft) ( 43, 560ft> /acre) : /

The oil displaced from the unburned reservoir is

S.@
N, = (43’560)(5 61x10° E“Vg)

where E,,, = average efficiency of recovery from the unburned portion of reservoir.

Let E,,, = 40%. Then,

_ 43,560(55)(35)(0.4)

N
2 5.61x10*

= 598.0 B/acre - ft

The total oil recovery is

_EN, | (100 - E,)N,
> 100 100

where E, = volumetric sweep efficiency.
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Let E, = 30%. Then,

30

30 . (100 - 30)
100

N,
} 100

(1.246 x10%) (598)

N, =792.3 B/acre - ft

The overall recovery efficiency is given by

N,(5.61x10°)
43,5608, ¢

R =

(792.3 B/ acre - ft)(5.61 x 10°)
(43.560)(55)(35)

E, = 53%

12. The oil recovered per million scf of air injected is

o_il 71923 B/acre - ft

= = 74.9 B/ mmscf
air 10.58 mmscf/acre - ft

13. The maximum oil production rate is

N, =749 \(2.29 mmSCf) -171.5B/D
\ mmscf/ D
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In-Situ Combustion: Oil — Volume Burhed Method

Gates and Ramey (1980) presented an engineering method for calculating air-oil ratios and oil
recovery as a function of volume of reservoir burned. Their oil recovery-volume burned method is
based on laboratory data and pilot and field data from Mobil’s South ‘Belridge project. The method
provides a means for making engineering and economic evaluations for the design and monitoring of
ISC projects. The reliability of the method is presently limited to reservoirs with characteristics simi-
lar to South Belridge; that is, heavy oil (13°API), high permeability (3,000 md), high porosity
(0.34%), and high oil content (1,700 bbl/ac-ft.).
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FIGURE 5.12 — Estimated Oil Recovery vs Volume Burned

The basis for the design method is the observed relationship between oil displaced and the bulk
reservoir swept by the burning front. (Figure 5.12) If the initial oil and the fuel per unit volume

burned remained constant, the relationship between displaced oil and volume burned would be linear.
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In actual cases, the oil recovered is greater than predicted because of other recovery mechanisms
(e.g., hot water drive, steam drive, hot gas drive, miscible phase displacement, or expansion and grav-
ity drainage) acting on the oil ahead of the burning front. Gates and Ramey (1980) showed that sev-
eral factors influenced the oil recovery—volume burned relationship, including initial oil and gas and
fuel concentration. The Gates and Ramey method is discussed in much more detail in the following

section. Here, the salient features of this design methodology is summarized.

The fuel concentration is the oil which remains and is burned as the burning front progresses. It
depends upon the oil and formation characteristics and the burning conditions. The fuel concentration
is the largest factor by far in determining the air requirement. Gates and Ramey (1980) present five
separate approaches to determine the fuel concentration. The fuel concentration normally increases as
oil gravity decreases. Hence for low gravitates, percent oil recovery is reduced and the air required is
increased. Often, however, this is more than offset by the high oil content of heavy oil reservoirs. The
cumulative air-oil ratio for the Gates and Ramey method is less than required for pure frontal dis-

placement.

When the leading edge of the burning front arrives at the producing wells, excess air which has
bepassed part of the burning front will be produced. Excess air may be controlled by judicious pro-
duction-well operating techniques. For example, production wells producing gases with substantial

oxygen concentration may be shut in.
Use of the method developed by Gates and Ramey requires the following data.
e Initial oil-iﬁ-place.
« Initial gas saturation.
» Fuel concentration, from laboratory data.
» Air required to burn the fuel, from laboratory experiment.

* Oxygen utilization, from laboratory experiment.

These data, together with the various graphical correlations (developed on the basis of field
operational data) presented by Gates and Ramey (1980) can be used to estimate the air-oil ratio,

instantaneous oil rate, and cumulative oil production. These are fully discussed in the following.




Methodology

To determine the amount of displaced oil, initial oil and gas saturations must be determined
using conventional well logging, coring, material balance or tracer techniques. The displaced oil is the
initial oil minus the final oil minus the burned oil. Fuel concentration (C;) is another important param-
eter in evaluating an in-situ combustion project. Fluid properties, lithology of formation and operating

conditions all affect the value of C..

Several methods can be used to estimate C;. They are: a) coring the reservoir as the combustion
progresses; b) measuring the water cut and correlating with C; by material balance; c) averaging the
value of C; obtained from combustion tube runs with natural core; d) history-matching the combus-
tion behavior in the field using a numerical simulation; and e) using the burning velocity/air flux cor-
relation. In the absence of other data, engineering calculations can be made using correlations of fuel

concentration vs oil gravity to determine C;. (Alexander et al., 1962; Showalter, 1963)

To compute the cost of air compression, the value of the combustion air requirement should be
determined. This can be calculated if oxygen utilization (U,) and the volume of air needed to burn a
unit weight of fuel (AFR) are known. AFR can be from the combustion chemistry. After the burning
front breakthrough, more air must be injected to compensate for the air produced because of channel-
ing. Knowing the AOR, the oil production rate can be determined if the air compressor capacity is
known. The data for air requirement, fuel concentration, initial oil and gas saturations, and oxygen
utilization can be combined with an oil-recovery/volume-burned correlation to make an estimate of

the potential of an in-situ combustion project.

Fassihi et al. (1981) developed an algorithm based on this method and presented a set of equa;
tions to quickly estimate the oil recovery, AOR, oil rates, and economic limits of in-situ combustion
projects. These equations were developed by regressing and curve fitting the oil recovery — volume
burned curves. The developed equations are shown in Table 5.2. In this table the expression for the
fuel concentration (fuel lay down) C; is based on the combustion tube gas analysis. However, if the
valve of C; and air-fuel ratio (AFR) is available, they can be used independently. In the absence of
other data, C; can be estimated using Figure 5.5. (Alexander et al., 1962; Showalter, 1963)

The above set of equations can be solved readily using spreadsheet program or a programmable
calculator. The cumulative and current AOR, oil recovered, and time are calculated for each burned

volume.




TABLE 5.5 — Equations to Calculate In-Situ Combustion Performance
(Volume Burned Method)

g, 40.2658N, -CO, -0, -05C0 ]
/7 B CO, +CO (5.36)

1209 < 10°¢,[CO, + CON[12 + H/C]

C, = (5.37)
f Ver2
AFR - 479.7N, .
o, +co)p2 +# /é ) (5.38)
. C, 43560
" (5.39)
R=S,-B (5.40)
(N, %)(R)(A)H)
P 100 (5.41)
Excol AL 0.9(N, %)~ 15.85 a0
xcel Air 700 (5.42)
ASR =C,.AFR 3.56) (5.43)
V.(0)=0.147143S_ +0.010714S? (5.44)
A AW
ro'ofv;((r) (5.45)
Maximum Deviation = M.D. = 26.82295 - 0.46787S, (5.46)
Y = Deviation =6.77526 X -15.947794 X2 +16.187187 X* -7.014659 X* (5.47)

Maximum Deviation

Y 6.775267-31.895588 X + 48.561561 X? - 28.058636 X (5.48)
ax :
100 MD.  dY
A
100 -V, (0) * 100-V, (0)dX (549




ASR

C t AOR =
urren Siope )R (5.50)
N, % =100X +(Y)(M.D.) (5.51)
(N, %)(R)(A)H)
= 100 (5.52)
ASR }J(A JH
Air Required = (ASR)(8 )(H)V, (5.53)
100
Air Requi
Cum. AOR = AT Required 5.54)
P
) Air Required
Time=— . (5.55)
Air Injection Rate(q)
09N, % }-15.85
Excess Air = P
100 (5.56)
Total AOR = Current AOR (I + Excess Air) (5.57)

In the above equations:

A= Pattern area, acres
| AFR = Air/Fuel Ratio, Mscf/lb
ASR = Air/S;md Ratio, Mscf/ac-ft.
B= Fuel consumed, bbl/ac-ft.
Ce= Fuel concentration, Ib/cu.ft. of rock
CO, = Carbon dioxide concentration in the produced gas (%)
CO= Carbon monoxide concentration in the produced gas (%)

Cum. AOR =Cumulative Air/Qil ratio, Mscf/bbl

Cur. AOR = Current Air/Oil ratio, Mscf/bbl
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H= Thickness, ft.

H/C = Hydrogen to Carbon ratio in the fuel

N2 = Nitrogen concentration in the produced gas (%)
N, = Qil recovered, bbl

N,% = Oil recovered, % of pore volume.

0,= Oxygen concentration in the produced gas

q= Field air injection rate, Mscf/D

q, = Air flow rate through the combustion tube, Scf/Hr.
= Combustion tube radius, ft.

R= Ultimate recovery, bbl/ft.

S, = Gas saturation (%)

Sei = Initial oil saturation, bbl/ac-ft.

Vg = Volume burned, % of bulk volume.

V= Combustion front velocity in the tube, ft./hr.
Is= Fuel specific gravity
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Satman — Brigham Correlations

Satman and Brigham (Satman et al., 1981; Brigham et al., 1980) correlated the injection produc-
tion history from 12 dry combustion projects and presented two correlation to predict the field wide
oil recovery of dry in-situ combustion process. They developed an analytical model describing the
heat transfer processes and movement of the steam plateau ahead of the combustion zone. The results
of laboratory combustion tube runs were used to verify the model results. The model was then applied
to field data to develop correlation to predict field scale recovery of dry in-situ combustion processes.
They used a combination of engineering and statistical approach (multiple linear regression analysis)

to develop the correlation. The correlation work is summarized in the following.

-Correlation Technique
The first step in the development of the oil recovery correlation was to plot the cumulative incre-
mental oil production (CIOP) versus the cumulative air injected (CAI) for the 12 field wide tests as
shown in Figure 5.13. Here cumulative incremental oil is only that recovery caused by the combustion
process itself. In Figure 5.14, both coordinates were normalized for field size by dividing the abscissa
by the oil in place at the start of combustion (OIP) and the ordinate by dividing by the original oil in
place (OOIP) to yield the fractional recovery.
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FIGURE 5.13 — Incremental Oil Production vs Cumulative Air Injection
for Fieldwide Combustion Tests (After Satman et al., 1981)
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for Fieldwide Combustion Tests (After Satman et al., 1981)
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It must be recognized that the air injection is really a measﬁre of the amount of heat added to the
reservoir, because in all combustion operations a given volume of air supplies nearly a fixed amount
of heat from combustion. Since a large percentage of the heat added to the reservoir is stored in the
rock and left behind by the combustion front rock volume is an impbrtant parameter in the oil recov-

ery calculation. The rock volume is calculated as:

oIP ~
Rock Volume = E(l - 2) (5.58)

Since, in combustion projects the oxygen utilization rarely reaches 100%, the effective air
injected is less than the actual volume injected. Hence the next step in the correlation development
technique is to divide the abscissa by the rock volume and multiply it by the oxygen utilization, factor
(O,U). Thus

di=

Abscissa = CAI [OIP 1-¢ (5.59)

Since some of the oil in place is burned and therefore not available for recoVery, the ordinate
must be modified to account for this fact. The ordinate is modified by adding the fuel burned (FB) to
the CIOP. Thus

CIOP + FB

Ordinate = ——0—07)— (5.60)

The results shown in Figure 5.15, using these parameters is clear improvement.
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FIGURE 5.15 — Effects of Fuel Burned, Rock Volume, and Oxygen Utilization on Cumulative
Incremental Qil vs Air Injection for Fieldwide Combustion Tests (After Satman et al., 1981)




The correlation of Figure 5.15 was further improved using the multiple linear regression analy-
sis to include additional parameters expected to be of important, but not accounted for in Figure 5.15.
These include, the formation thickness (h), oil saturation (S0), and oil visocity (mo). The ordinate in

Figure 5.15 was correlated against the abscissa as a linear function of oil saturation, thickness, and oil

viscosity to yield.
Y =36.53 (2.0 Sy - 0.0010 h - 0.0082 py) X (5.61)
Where Y (%) = CIOP+FB 100 (5.62)
ooIP
CAIlO,U :
And X (MSCF ) _ ( 2 t) - (al%ilnm'o ) (5.63)
\ bl (01P /¢S, )(1 - ¢)
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FIGURE 5.16 — Multiple Linear Regi‘ession Analysis and Data on Figure 5.16
(After Satman et al., 1981)
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FIGURE 5.17 — First Correlation Curve for Dry In-Situ Combustion Field Cases
(After Satman et al., 1981)

Figure 5.16 shows the actual values of the recovery function (Y) versus the valves on the right-
hand side of the correlation and indicates considerable improvement in the resulting correlation. A
smooth curve drawn through the data Figure 5.16 yields the general recovery correlation curve shown
in Figure 5.17. The correlation in Fig 5.17 can be used to predicts dry combustion oil recovery as a
function of air injected, given the values of Sy, h, ug, ¢, oxygen utilization (O, U,), and fuel content.
The first four of these are readily available, while the last two are normally must be obtained from

laboratory combustion tube data.




Caution must be exercised on the use of this correlation. This cotrelation may not be valid if any
of the parameters are outside the range of data used to develop it. The ranges of oil saturation, oil vis-

cosity, and reservoir thickness used to develop the correlation were:
0.36 < S, <0.79
10 < pg <700 cp
44 <h <150 ft.

It should be noted that the above relationship is linear with viscosity, with a negative coefficient
and thus will predict a lower recovery if the in-situ visocity is of the order of several thousand centi-
poises. To rectify this deficiency, Satman et al. modified the right-hand side of the equation to yield

the following correlation.

0.25 .
Y =470 [0.427s0 —0.00135h + 2.196(—1— ) }X (5.64)
| u,
CIOP + FB
Y %)= == 100 (5.65)
oIP
And

CAI x(0,U, ) (5.66)

[MSCF ]=
bbl (OIP s, )(1_¢)

Figure 5.18 shows the actual values of the recovery function (Y) versus the values on the right
hand side of Eq. 5.64 for each of the 12 fields. Comparison of figure 5.16 shows that the second corre-
lation (Eq. 5.64) fits the field data considerably better than does the first (Eq. 5.61).

190




%

CIOP +FB
OoI1P
(o)
/

O 111 LI LI ] LI L LN B B | LI L

0 0.05 0.1 0.15 0.2 0.25 0.3

1 )“51 CAI X(Percent O, Utilization)

[
0.427S,-0.00135h+2.196| —
I i (uo | (o, Y- 2)

B 1. GlenHummel ¢ 7. BreaOlinda
J 2. Moco A 8. North Tisdale
H 3. Heidelberg %4 9. West Casa Blanca
F 4. Trix Liz & 10. Fry
i 5. Gloriana & 11, MIGA
6. West Newport 7 12. N. Government

FIGURE 5.18 — Data for the Second Correlation Curve
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FIGURE 5.19 — Second Correlation Curve for Dry In-Situ Combustion Field Cases
(After Satman et al., 1981)

Although the second correlation (Figure 5.19) is better, it is also limited in its applicability to
the same ranges of parameter as the first correlation. Unlike, the first correlation, Eq. 5.64 predict oil
recovery better for reservoirs containing 700 cp or greater viscosity oils. However, if the oil visocity is
10 cp or less the first correlation should be used to predict recovery. Further whenever there has been

. considerable recovery prior to the onset of in-situ combustion, the second correlation is preferable to

the first one. In general, for most application, the use of second correlation is recommended.

Application of Correlation
To test the validity of the developed correlation, Satman et al. (1981) used the correlation to cal-
culate the performance of eight dry in-situ combustion pilots. In Figure 5.20, the field data were plot-
ted. This figure éan be used to determine the air injected/oil produced ratios. The Figure 5.20 is then
re-plotted in Figure 5.21 by taking into consideration the rock volume, fuel burned, and oxygen utili-
zation. Finally the second correlation was used to improve the results of Figure 5.20 as shown in Fig-

ure 5.22. In general, this plot confirms the validity of the developed correlation.
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The Thermal Task Group of the National Petroleum Council (NPC) developed an In-Situ Com-
bustion predictive model (ICPM) for use in the 1982-1984 NPC study on the In-Situ Combustion
recovery potential. They adopted the Satman-Brigham correlation as the basis for the ICPM. The
ICPM contains an extensive set of default equations to calculate the non-critical reservoir and fluid
properties, and economic criteria. A method to predict wet combustion performance was added to
ICPM by NPC based on the work of Garon and Wygal (1974). The U.S. Department of Energy (DOE)
supported the NPC study and has maintained the model since the NPC study was completed. [CPM
can be used to predict the recovery performance and economics of dry and wet combustion processes

on field wide basis.

Details of the model development and the computer source code are presented in an U.S. DOE
report (1986). This report can be obtained free by contacting the U.S. DOE’S National Petroléum .
Technology Office (NPTO) in Tulsa, Oklahoma. A ready to run version of the model can be down-
loaded from the NPTO web site, ‘www.npto.doe.gov’.
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CHAPTER 6 — IN-SITU COMBUSTION CASE HISTORIES
AND PERFORMANCE ANALYSIS

Since early 1950, more than 270 field tests have been conducted in the U.S. and elsewhere in the
world. A large number of the field tests were conducted in reservoir situations that were not suited to
fireflooding and therefore the results reflect only where the method should not be attempted. Oil
industry economics have changed considerably during the period in which the field tests were con-
ducted so results that indicated an economic failure at one point in time might have considerable merit
~ now. However, all costs have increased along with the price of oil, and the availability of fuel has

changed considerably, which makes it necessary to make a complete reevaluation of each prospect.

In the following five firefloods will be reviewed in detail to present the latitude to which this
method has been used, from the very shallow low pressure reservoir of the General Crude, New Port
Beach, California fireflood to Guif’s deep Heidelberg Cotton Valley Air Injection Pressure Mainte-

nance Project.

Miga Fireflood
In 1964, Mene Grande Oil Company started a fireflood in the Miga P, _; Sand reservoir. (Terwil-
liger et al., 1974). This test had been preceded by two small volume fireflood tests in the nearby Mel-

ones arca.

There is a tremendous volume of heavy oil at moderate depths (2,000-4,000 ft.) in the south end
of the Eastern Venezuela tertiary basin. Development of these reservoirs was possible because a sup-
ply of lighter gravity blend oil was available from nearby fields. However, the recovery from the .res-
ervoirs containing 10-15°API oils was very low. Solution gas drive recovery was of the order of 5%
of the oil-in-place, and because of the poor mobility ratio between water and the very viscous oil,
water drive recoveries were not much better and in some cases were even worse. Even though the
industry experience with fireflooding was rather limited in 1958, it appeared that this method could be
used to increase the recovery from the Eastern Venezuela heavy oil reservoirs from a few percent to

more than half of the oil-in-place.

The Miga fireflood was designed to furnish basic data on the applicability of the fireflooding
process to these heavy oil reservoirs. Although the reservoir oil viscosity is a few hundred centipoises,

the very high permeability causes the per well productivity to be in the range of 100-300 B/D. The




Miga P, ; reservoir was chosen because it was nearly depleted, was small compared to other reser-
_ voirs in the area, had only a few completions in deeper reservoirs, and was completely closed with a
limited aquifer at one end. With these features it was expected that response to the fireflood would be

rather rapid, and injection versus production could be closely controlled.

The test has been very successful from a technical standpoint. However, it has been economi-

cally unsuccessful because of the depressed price of heavy oil.

Table 6.1 is a summary of the reservoir properties and project performance. The porosity of
22.6% is much lower than was originally calculated for this unconsolidated sand. The early numbers
were based on routine core analyses of conventional cores, and more recent values are from rubber
sleeve cores and density logs that have been run in new wells. The estimated ultimate primary recov-
ery was determined from individual well decline curves and a comparison with other similar reser-

VOIrS.

Reservoir Description
The project was performed in the Miga Field, P, ; Sand, MG—517 Reservoir of Eastern Venezu-
ela. It is one of the several P,_; reservoirs scattered throughout both Miga and the neighboring Oleos
Fields. The updip seal is a combination of faulting and sand thinning. The channel sand becomes
tighter as it thins, therefore the 10—foot isopack is considered to be the lateral limit. The downdip limit
is formed by the original oil/water contact and a fault. There may have been a very small gas cap at

the updip limit of the reservoir.
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TABLE 6.1 — Miga Thermal Recovery Project (Eastern Venezuela P, ; Sand)

Depth 4,050ft.
Thickness 15-25 ft.
Permeability 1-10 Darcys
Porosity 22.6%
Gravity 13°AP1
Oil Viscosity 280 cp
Temperature 146°F
Total Oil Production 4,396,162 bbl
0il Production (Post Air) 3,624,383 bbl

Oil Production by Combustion

3,236,162 bbl

Cumulative Air Injection 39,948 MMScf
Cumulative AOR 11,023 Scf/bbl
STOIIP 23,200,000 bbl Oil Prod. (Prim.) 771,779 bbl

The reservoir was developed in 1958 and was soon producing 1,000 B/D. After about a year the

production began to decline. An attempt was made to arrest the decline by injecting natural gas in the
most updip Well MG-525, the same well that was later to be used for air injection. The production
rate was hampered rather than helped by the gas injection, as inferred from the dip in production rate
in 1961 and 1962. The reservoir was then shut-in while the fireflood facilities were Being installed.
The increase in production rate in 1964 was the combined effect of the shut-in period and the fire-
flood. The decline in production in late 1964 was a deliberate effort to curtail liquid production and

encourage gas production.




The total oil produced by the fireflood was more than twice the estimated ultimate primary
recovery. No other method of secondary or enhanced recovery would have been as successful as fire-

flooding in this reservoir.

Project Production Response
Air injection was begun at a rate of 9 MMScf/D and was increased to 15 MMCfd in late 1964.
The rate was decreased to 9 MMScfd in 1969 when part of the air plant capacity was used to start a
fireflood in another reservoir. The air-oil ratio increased for a short period of time in 1965 when oil

production was being curtailed to permit equilibrium liquid saturation conditions to be established.

The early breakthrough to the producing wells indicates that oil displacement by the gas drive is
practically nil. The combustion reaction moving through the reservoir is required to displace the oil.
The composition of the fireflood flue gas stabilized very early, indicating complete utilization of the
injected air. The composition of the gas has been very constant throughout the life of the project, indi-

cating that there has been no deterioration of the fireflood.

In a fireflood there seems to be no one well that is typical; therefore, Well 524, which was close
to the original air injection well, and Well 817, which was at the other end of the reservoir, were used
as examples. The oil production at Well 524 declined from 300 BOPD to 150 BOPD before the injec-
tion point was moved to the other end of the reservoir. The decline is possibly a result of asphalt pre-
cipitation around the wellbore caused by the solvent action of the carbon dioxide from the fireflood
flue gas. A rapid rise in the water production in 1970 and 1971 is a result of injecting water in the
original air injection well. This was done to recover some of the heat that was left in the reservoir

around the air injection well.

The gas-oil ratio was erratic at Well 524 in the early life of the fireflood. This was in part caused
by the deliberate curtailment of the liquid production. However, it leveled out and was relatively con-

stant until the injection point was changed.

The gas composition stabilized rather quickly at Well 524, even though it was 3,000 ft. from the
air injection well. The carbon dioxide content exceeded 16% and was very steady, indicating that

there was no oxygen bypassing the combustion front.

Well 817 was not drilled until the air compression capacity was increased and more producing

capacity was required. Upon completion, its response to the fireflood was immediate. The producing




rate declined slightly until the injection point was changed from a distance of 7,500 ft. away to only
2,000 ft. away.

Although Well 817 was one of the better producers, its gas-oil ratio was poorer (higher) than the
average of 11,300 cu ft./bbl.

The early values of carbon dioxide exceeding the fireflood flue gas carbon dioxide was probably
a result of the oil in the reservoir around the newly drilled well having a large amount of carbon diox-
ide in solution. When the well was put on production and the local reservoir pressure lowered, the car-
bon dioxide came out of solution. The nitrogen production from this well was more erratic than the

average for no apparent reason.

Conclusions
Fireflooding is a technically feasible recovery process for the Miga reservoir and should be

applicable to other heavy oil reserves involving similar properties.

» Has recovered 50% of the oil-in-place
* Has recovered more than twice the ultimate primary reserves.
+ No bypassing or channeling of the fire occurred.

» No significant operating problems were encountered.

Cotton Valley Air Injection Project
Chevron’s (formerly Gulf) Cotton Valley air injection project (West Heidelberg Field, Jasper
County, Mississippi) began in December 1971, with the start of air injection into the 11,000 ft. Cotton
Valley No. 5 sand. Like the Miga project, it is another example of how successful fireflooding can be

when applied in a suitable reservoir.

The Cotton Valley No. 5 sand (CV5) is one of 14 sands in the Cotton Valley formation which are
identifiable. Eight of the sands are productive, but only the No. 5 and No. 4 sands are of appreciable
significance. Both of these sands are extensively developed and cover about 400 surface acres on the

western flank of the field.

The CV5 sand occurs at an average depth of 10,850 ft. subsea. Average sand thickness is 35 ft.

The trap is a monocline having a dip of about 8° from east to west. The eastern updip limit of the sand
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is bounded by a salt intrusion and the downdip limit by a zone of thick asphaltic oil which effectively

seals the Cotton Valley formation from any active water drive.

Core analyses for the CV5 sand indicated 17.8% porosity, 60-80 md permeability and 15%
interstitial water saturation. Original reservoir pressure was 5,045 psia. Reservoir fluid analyses indi-
cated a bubblepoint pressure of 930 psia and an oil viscosity of 6 cp at the original reservoir pressure

and reservoir temperature of 220°F. Oil gravity was 23°APL.

As of June, 1981 (no data published beyond this date), cumulative oil production from the CV5
sand by air injection was 2.07 MMstb or 16% of the estimated 13 MMstb of oil originally in place.
The oil production rate at that time for the CV5 sand was 1,100 Stb/D from eight producers compared
to 60 Stb/D at the start of air injection. Peak oil production rates have been as high as 2,000 Stb/D.
The air injection averages at that time was 5 MMscf/D and the cumulative air-oil ratio for the nine and

a half year project was 2,660 Scf air/STB of produced oil.

Encouraged by the good response of the No. 5 sand to air injection, the project was expanded in
December 1977 to include the next larger No. 4 sand. The plan called for drilling new wells in the No.
5 sand and increasing the air injection rate from 1 MMscf/D to 5 MMscf/D. The existing No. 5 sand
producers would be recompleted in the next higher No. 4 sand. The No. 4 sand would then be pro-
duced by pressure maintenance by reinjecting flue gas produced from the No. 5 sand back into the

No. 4 sand.

Project oil production from the No. 4 sand began in December 1977, followed by the start of
flue gas injection in June 1978. In January 1980, a dual air injection well was completed to inject air

separately, through isolated tubing strings, into both the No. 4 and No. 5 sands.

As of June 1981, cumulative project oil production from the No. 4 sand was 186,000 Stb or
about 2% of the 12 MMstb of oil originally in place. The injection rates at that time for the No. 4 sand
were 2.5 MMscf/D of flue gas and about 1 MMscf/D of air. Air injection was temporarily reduced in
the No. 4 sand pending repairs on the dual air injection well. Oil production at that time from the No.

4 sand was 560 Stb/D from 5 producers. The cumulative air-oil ratio was 2,505 Scf/Stb.
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The known status of the Cotton Valley air injection project is summarized in Table 6.2.

TABLE 6.2 — June 1981 Status of the Cotton Valley Air Injection Project

CV5 Cv4
Cumulative Project Oil Recovery, MMstb 2.07 0.186
Cumulative Project Recovery Factor, % 16 2
QOil Production Rate, Stb/D 1,100 560
Cumulative Air-Oil Ratio, Scf/Stb 2,662 2,505
Air Injection Rate, MMscf/D 5 1
Flue Gas Injection rate, MMscf/D 0 25
Number of Injection Wells 2 2
Number of Production Wells* 8 5
Average reservoir Presspre, psi 3,250 2,850
Original Qil in Place, MMstb 13 12
Estimated Reservoir Fuel Consumption, 1b/ft.? 1.4 1.4

* All production wells on flowing status.

West Newport Fireflood
The West Newport fireflood was started in 1958 in the center of Mobil’s (at that time G.E.
Kadane & Sons) (and later General Crude) Banning lease. the fireflood was essentially a series of
irregular inverted S—spot patterns. The major reservoir being burned was the “B” sand with a net
thickness of about 500 ft. consisting of a highly porous and permeable oil sand with scattered shale
stringers which had little continuity. Depth of the “B” sand was from 1,400-2,000 ft. and contained a

15°API crude with a viscosity of 3,700 cp at reservoir temperature. At that time there were a total of
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245 producers, some of which produced from the “A” and “C” sand reservoirs. There were 35 air
injectors in the “B” sand and 1 in an “A” sand pilot. Production was 4,000 BOPD with 18,000
BWPD. The “B” sand was productive over 590 acres. Original oil in place was estimated at
120,000,000 barrels. Cumulative oil production at 1-1-76 was about 40,000,000 barrels or 33%. Air
injection plant capacity was about 24.0 MMscfpd with the injection rate at that time being 11.0
MMscipd at 550 psi. The air-oil ratio (AOR) ranged from 2—4 Mcf per barrel with the ratio at that
_ time averaging about 3 Mcf per barrel.

Producing Wells

Producing wells were completed by drilling a 9-7/8 in. hole to the top of the “B” sand where 7
in. casing was set and cemented to the surface with Class “G” cement containing 4% gel and 35% sil-
ica flour. A 6-1/8 in. hole was drilled to the base of the “B” sand and underreamed to 12 in. A 5 in.
liner was set and gravel packed with no liner hanger being used. All wells were produced by beam-
type pumping units. Producing rates were kept up by cyclic steaming all but “hot” wells every six
months with 6,000-8,000 barrel treatments. Problems with sand production were kept to a minimum
by use of the gravel packed liners. Each well was equipped with a small gas scrubber and orifice
meter to measure gas flow rate and temperature from the annulus. Downhole temperature profiles and

gas sampling were periodically carried out.

“Hot” wells were producing wells that were being approached by the firefront which was indi-
cated by increasing temperatures and volumes of flue gas. When a well was about to enter the “hot”
stage, the normal sucker rod string was replaced by a hollow rod string (1 in. pipe), but was pumped
up the tubing in a normal manner. The hollow rod string was utilized as a conduit for a thermocouple
circuit with the temperature sensing element being placed opposite the hottest section in the wellbore.
The thermocouple was used to measure downhole temperature and automatically controlled a watef
injection system used for cooling the downhole producing string and also controlled backpressure on
the annulus by restricting flue gas flow. If downhole temperature increased above 275°F, water injec-
tion was automatically started and maintained at a rate sufficient to keep temperature at or below that
level. At the same time, the rate of flue gas flow was restricted to a selected “optimum” dependent on
fluid production rate. In this manner, the fireflood front was slowed and diverted away from the “hot”
well allowing the well to be produced much longer. This technique appeared to be successful and

allowed hot wells to be produced for several years longer, substantially increasing oil recovery and
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reducing corrosion problems. Mobil (General Crude) believed that this technique increased sweep

efficiency particularly in a reservoir of this thickness.

Injection Wells

Air injection wells were completed by drilling a 7-7/8 in. hole to the base of the “B” sand and
cementing to the surface with the same high temperature cement mix used on producing wells. An
interval in the bottom third of the “B” sand was jet perforated and 2—3/8 in. tubing run. Steam injec-
tion was carried for at least 24 hours and then air injection started at low rates. Ignition was spontane-
ous and occurred in one hour to one week. Mobil (General Crude) utilized a portable, high pressure,
low volume compressor for this stage of air injection. Ignition was evidenced by a 300-500 psi injec-
tion pressure drop and sometimes was felt physically. Air injection was continued for about two
months when the tubing string was replaced by plastic lined 2-3/8 in. tubing with a packer. Injection
rates were very gradually increased to a preselected rate determined by pattern size, producer proxim-
~ ity and injection well performance. The average air injection rate at that time was about 3,120 Mcfpd
per well. Mobil (General Crude) operating and engineering personnel believed strongly in using low
air injection rates, particularly on start-up. Attempts at backflowing air injection wells had caused

severe plugging and was not recommended.

Production Facilities

Production was gathered at a central battery where it came in at about 120°F. A reverse emul-
sion breaker, oil soluble wax inhibitor and defoamer were added at a freewater knockout with steam
coils where the temperature was raised to about 150°F. Additional emulsion breaker was added and
the fluid went thrqugh two large horizontal heater-treaters which raised the temperature to 215°F.
Fluid prdduction tﬁen went to settling tanks for retention time and oil was split off to sales storage.
Water was sent to a nearby sewage plant for disposal. This plant furnished Mobil (General Crude)
with a volume of 670 BTU/Mcf methane gas of organic origin sufficient to fire one of the treating

plant steam generators.

Emulsion problems had been very severe in this project but were now being satisfactorily han-

dled. Best results were obtained from Magna Chemicals Products such as EX-257, MEP-1, etc.

Produced gas was removed and sent to the incinerators for disposal. This gas averaged 6%
methane or 60—-80 BTU/cu ft. and had a maximum of about 170 BTU/cu ft. It was enriched with pur-

chased gas as necessary to cause combustion to take place at 2100°F with the flue gas being stacked at
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about 275°F. The heat generated by this process was scavenged by a radiant heat section and gener-
ated steam for producing operations. Operation of the incinerators had been satisfactory from an eco-
logical viewpoint. These systems were designed by Heater Technology, Inc. and Combustion

Engineering (now NATCO).

Comments
This project was apparently an economical operation. Mobil (General Crude) had learned much
about fireflooding in the 18 years the project had been under way. The post project analysis indicated
good sweep efficiency for a reservoir of this thickness. This may have been due mainly to operation’s
policy of fireflood control and low air injection rates. On an overall basis, Mobil (General Crude) tried

to maintain a voidage rate 14% greater than the air injection rate.

The personnel of Mobil (General Crude) were highly involved in their project and had devel-
oped some excellent equipment and techniques to improve recovery and efficiency of the fireflood

Process.

Table 6.3 summarized the available general information regarding this fireflood. These were

made available to the author by an engineer formerly associated with this project.




TABLE 6.3 — Mobil (General Crude) West New Port Fireflood

Reservoir

Depth

Porosity

Permeability1
Viscosity

API

Reservoir Temperature
Sulfur

Sand Thickness

Dip

Acreage

Pattern

Reservoir Properties

209

West Newport Field-Banning Lease
20x10¢ B produced (120x10¢ OIP)

Zone A 800-1,200 ft.
B 1,400-1,800 ft.
C —2,200 ft.

high

D

3,500—4,500 cp @ 110°F
15

110°F

1-5%

20
590
5-spot




TABLE 6.3 (cont.) — Mobil (General Crude) West New Port Fireflood

Number of wells
Injectors
Production

Oil Production

Water Production

Steam used

Steam pressure

Steam Quality Oil burned as fuel

Operating Parameters

36

245

4,000 B/D
18,000 B/D

Air pressure 500 psi
at generator
at wellhead

Natural gas — some from sewage plant

(600 BTU/cu ft.)
Air/oil ratio 3,000 CF/B
Water/oil ratio 4.5
Best well 140 B/D
Qil/Water Treatment Scheme

Initial water separator tanks—heat from 120°F to 135°F.

25% oil in water goes into heater treaters.
Magna Chem EX 257 emulsion breaker.

2-3% oil in water goes to local sewage plant.

3% water in oil to refinery.

Tron sulfide problem.

2 stage, 500 psi output

Air Compressors

22 x 10¢ CFD capability—using 11 x 10¢ CFD

No. of units: 1-2,000 HP
2 — 600 HP
3 -1,000 HP




TABLE 6.3 (cont.) — Mobil (General Crude) West New" Port Fireflood

Combustion Gas Utilization
They use their combustion off gas to generate steam.
BTU content: 60-80 average (6% methane) 170 maximum
(per cu ft.)
Gas manifold pressure, 28 psi
5 units are used to generate steam (each use 1.5 x 10¢ CFD).
The flame temperature is monitored and natural gas is used to enrich the fireflood flue gas
automatically. A
Steam capacity 580 B/D, 60% quality
Exhaust temperature kept above 270°F to eliminate sulfuric acid formation.

Generate 14% more fireflood flue gas than air injected.

Ignition of Wells

Warm up with steam—then change to air
1 hour to 1 week to ignite

Obvious ignition—felt on surface

Casing
Injectors 7-7/8 in. hole, 5-1/2 in. casing to TD
cement to surface, perforate bottom 100 ft.
Producers : 9-7/8 in. hole, 7 in. casing to top “B”
zone underream to 12 in., ru 5-1/2 in. liner
and gravel pack
Rigs 2 company owned
Rig Cost $55-60/hr drilling
$40/hr workover
Hole Cost $46,000 with pump

All 1980 Dollars
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Paris Valley Combinations Thermal Drive
Husky Oil Company, with the support from U.S. DOE (then ERDA), initiated a wet in-situ com-
bustion pilot augmented with cyclic steam stimulation, within the Paris Valley field, Monterey
County, California, in March 1975. The purpose of this test was to assess the technical and economic
feasibility of these thermal recovery techniques within an unconsolidated sandstone reservoir that

never produced economic quantities of oil due to the very viscous nature of the crude.

Wet combustion, in lieu of other thermal techniques, was selected as the oil recovery process in
Paris Valley field, because it was thought the heterogeneous permeability profile would permit heat to
breakthrough to the producers and improve the vertical sweep while the well produces at an elevated
temperature. Also, to match the production with displacement prior to the heat breakthrough stimula-

tion of producers by steam was proposed.

The pilot site was in the southwest part of the Paris Valley field in T21S-R9E, Monterey County,
California, about 160 miles south of San Francisco. Geologically, the Paris Valley field consists of
unconsolidated, oil bearing miocene sands that were deposited along the ancient shoreline of the Sali-
nas basin--commonly referred to as the Gabilan shelf. The pilot was in the Ansberry sand, which is
found at an average depth of 800 ft. from the surface. The Ansberry sand is separated into three dis-
tinct zones, referred to as the Upper, Middle, and Lower Lobes. The Middle Lobe is thin and con-
tained insignificant amounts of oil. The total net oil sand thickness in the pilot area varies from 4-84

ft., while Upper Lobe net oil sand thickness varies from 4-24 ft. and the Lower Lobe from 9-58 ft.

The pilot was designed to operate in five staggered line drive patterns. Eighteen producers and
five air injection wells were drilled in the pilot area (Figure 6.1). Nine wells (1, 8, 9, 10, 12, 13, 15,
16, and 18) were completed in the Upper Lobe, six were completed in the Lower Lobe, and eight
wells in the full interval of the Ansberry sand, including the Upper, Middle, and Lower Lobes. The air
injectors were completed down-dip from the center of each pattern in an effort to compensate for the
expected directional flow of air up-dip. Two temperature observation wells were also drilled for mon-
itoring and data gathering. All the wells were cored and logged to characterize the formation. The
core materials from Well 3 were utilized to evaluate the combustion characteristics of the Ansberry

sand. The pertinent reservoir and combustion characteristics are presented in Table 6.4
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 LOWER ZONE
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FIGURE 6.1 — Paris Valley In-Situ Combustion Project Well Pattern Map
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TABLE 6.4 — Average Reservoir and Combustion Characteristics of Ansberry Sand

Paris Valley Field®
Reservoir depth, ft. 800
Porosity, % PV 32.2
Permeability, mD 3,748
Oil saturation, % PV 63.7
Water saturation, % PV 36.3
Oil in place, bbl/ac-ft. 1,801
Oil in the pilot area, MM STB 2.6
Average net pay thickness, ft. ' 58
Reservoir pressure, psia 235
Reservoir temperature, °F 87
Oil gravity, °API | 10.5

Oil viscosity, cP at reservoir temperatures

Upper Lobe 227,000
Lower Lobe 23,000
Formation volume factor, STB/RB 1.0
Fuel requirement: Lbs/ft.? 2.33
Bbl/ac-ft. 295

Air required for combustion: Scf/ft.? 417
Msct/ac-ft. 18,165

Oil displaced from burned zone, bbl/ac-ft. 1,296
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Initial combustion test was initiated in January 1976 using a rental compressor, due to opera-
tional problem with the main compressor equipment. The initial testing was concluded in September
1976 after injecting 60 MMscf of air. The purpose of the test was to establish the formation air injec-b
tivity and to determine the air injection rate. The first well was ignited utilizing a downhole gas
burner, which was set immediately above the perforation. The use of downhole burner was, however,
discontinued in later ignition operation because it was found that the formation could be autoignited

by injecting steam to supply the heat requirement for ignition.

After completing several repairs to the main compressor air injection was resumed in May 1977
in Wells 6, 8, 12, 15, and 18. It became quickly apparent that the injectivities in wells completed in the
Upper Lobe were significantly lower than Well 6, completed in the Lower Lobe. Air injection and
burning appeared to have been retained in the Lower Lobe of the Ansberry sand. Leading edge of the
heat zone reached updip wells completed in the Lower Lobe, but did not reach the upstructute wells.
High injection pressure became necessary to inject air into the Upper Lobe, which contained the most
viscous oil. High injection pressure resulted in severe channeling of air upstructure into Well 21. Air
injection was halted in August 1977 due to first stage piston failure. After repairing the compressor,
air injection was resumed in January 1978 in Wells 6, 12, 15 and 22. Air injection into Well 18 was
discontinued due to mechanical problems with the surrounding wells. Air injection was terminated in

February 1979, due to operations problems.

Well 21 was the only well that produced incremental oil from combustion operation. After heat
broke through in the well, a cooling system was installed in the well to prevent the bottomhole tem-
perature from exceeding 350° F. However, failure of the cooling pump caused the bottomhole temper-
atures in Well 21 to exceed 700° F and damage the liner. Attempts to replace the damaged liner were
unsuccessful and eliminated any further chance of producing the well. Heat also broke through in sev-
eral other wells (Nos. 4, 11, 14, and 17), but combustion gas and high water production prevented

these wells from being kept pumped off and producing the oil.

Only 61% of the injected air was recovered in the producing wells. The balancé was probably
flowed outside the pilot area. Tracer tests indicated the migration of unrecoverable air outside the pilot
-area. Significantly high operating costs were incurred during the operation of the pilot. The electric
power costs for air compression increases by 233%. Required well work was impeded by high casing
pressure in the producing wells. Damage to producing wells from severe channeling of the combus-

tion gas resulted in expensive workovers. Oil production rates were not sufficient to offset the high

215




operating costs and continue the project. In view of the problem prone operations and poor oil pro-
duction, the pilot was terminated in March 1979 as uneconomical. The total operating costs for the
pilot were $3.317 million or $23.89/bbl. The pilot did not generate any profit at 1978 oil price of
$24.bbl.

Project Performance Analysis

In spite of possessing many of the desirable attributes (thicker pay, high oil saturation, good lat-
eral continuity, high permeability and porosity) that one would like to see in a candidate reservoir for
combustion, the Paris Valley combustion project was unsuccessful and failed to produce significant
incremental oil. While there are several interrelated reasons for failure, two factors adversely affected
the project performance: (1) high oil viscosity in the Upper Lobe and (2) operational problems result-
ing from poor planning. The vast difference that existed in the viscosity of oil produced from the
Upper and Lower Lobe had a very significant effect on the project performance. The Upper Lobe pro-
duced an oil that was ten times as viscous as that from the Lower Lobe. The viscous oil in the Upper
Lobe caused a viscous oil block to form and much higher air injection pressure was needed than for
the lower viscosity Lower Lobe. This resulted in a pressure gradient sufficient to allow the injected air
to bréak into the Lower Lobe. This channeling of air into the Lower Lobe caused much of the injected
air to bypass the upper zone and starve the Upper Lobe combustion front of oxygen. Combustion

front stalling appeared to occur as characterized by a low static temperature profile in the Upper Lobe.

The maximum observed temperature in the observation wells completed in the Upper Lobe
never exceeded S00°F indicating the occurrence of low temperature oxidation (LTO) reactions. Since
this temperature was within the negative temperature gradient range (See Chapter 3) it is suspected
- that the failure of the reaction temperature to transcend the negative temperature gradient region could
partly explain the poor oil recovery from the Upper Lobe. Air injection into the Lower Lobe was no
problem and the lower zone exhibited good burning characteristics as evidenced by high observation
well temperature (greater than 750° F). However, the channeling of air from the Upper Lobe into the
Lower Lobe affected efficiency of downhole pumps in the Lower Lobe.

Frequent compressor failures also hastened the demise of the project. When air injection was
interrupted due to compressor failure, backflow occurs. Due to the unconsolidated nature of the for-
mation, the backflow resulted in severe sanding at the injection wells and costly workover. Further,
when air injection was interrupted, vertical drainage resaturated the burned zones. This resaturated

rock was hot and must be burned again before the burning front can proceed. This increased the over-
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all air requirement of the project. In at least one instant, the backflow of the combustion gases into an
injection well resulted in an explosive mixture and damaging detonation when the air injection

resumed.

In the final analysis, the project failed due to poor selection of test site and planning. The com-
bustion tube tests indicated an air-oil ration (AOR) requirement of 18.2 Mscf/bbl that was above the
values reported for the economically successful fireflood projects. As a general rule, for both technical
and economic success, the AOR should be below 18 Mscf/bbl. Electric log and core analysis of the
project wells gave reliable results for porosity, permeability, and oil saturation, but did not indicate the
vast difference in the viscosity of oil produced from the Upper and Lower Lobe. A production test
from a well open to both zones was used for the productivity calculation and average viscosity. The
result was very misleading, and the project was designed based on this information. This reéulted in
the purchase of an undersized compressor, which later proved to be totally inadequate for delivering
air at the desired injection pressure. The situation could have been avoided, had each zone been tested

separately and oil viscosity from individual zones determined prior to the design of the project.

While the effective permeability in both zones were almost equal, injectivities were widely dif-
ferent. This was not recognized during the planning and design stage. The viscous oil in the Upper
Lobe caused a viscous oil block to form which necessitated a much higher air injection pressure that
exceeded the compressor design pressure. Each zone should have been tested separately by an

extended air injection tests, prior to committing to the project.

The reservoir structure that was assumed for the Paris Valley Project was later determined to be
incorrect. While it was assumed that injection was in the down-structure wells, in actuality these were
in the wrong side of a syncline. This resulted in migration of air and combustion front away from the
pattern. The situation could have been avoided, had some wells outside the project area been included

in the analysis to determine the reservoir structure, even if it required drill additional wells.

To minimize project capital costs, no backup system was included for the surface facility, such
as a cooling water pump. Mechanical failure of the cooling water pump resulted in the loss of a pro-

ducer with heat breakthrough. It is prudent to have a backup for critical equipment.
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Bodcau In-Situ Combustion Project (Sarathi and Olsen, 1994)

The Bodcau fireflood was a DOE-industry cost-shared in-situ combustion project that was both
technically and economically successful. In 1971, Cities Service (now Oxy USA) began a pilot com-
bustion test in the Bellevue Field, located in northwestern Louisiana, which was later expanded to a
leasewide operation. The success of this in-situ combustion project prompted Cities Service Company
- to enter into a cost-sharing contract with the U.S. Department of Energy (then ERDA) to demonstrate
the efficiency and economics of a commercial scale wet in-situ combustion process and to test tech-

niques for increasing vertical sweep efficiency while reducing overall project time.

The Bodcau in-situ combustion project was conducted in the Bellevue Field, located about 18
miles northeast of Shreveport, LA, on the eastern edge of Bossier Parish. The demonstration site,
located in the southwest quarter of Section 11-T19N-R11W (Figure 6.2) was part of Cities Service
Oil Company’s (now OXY-USA) Bodcau Fee B lease. The Upper Cretaceous Nacatoch sand, found at
400 ft. depth, is the main producing sand in the field. The demonstration site was selected based on
the data from five evaluation wells. The log and core data obtained from these wells were utilized in
mapping the structure and pay thickness, as well in determining the pattern size and configuration.
The patterns were about 4 acres in size and arranged in an elongated inverted 9—spot (Figure 6.3). The
injection well was located down-structure to compensate for the movement of air up-structure. The
patterns were elongated up-structure to provide for optimum sweep efficiency in the patterns. Five
patterns were developed due east of Cities’ original fireflood project. The reservoir and fluid charac-

teristics are shown in Table 6.5.
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FIGURE 6.3 — Project Pattern Map of Bodcau Fireflood Project
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TABLE 6.5 — Reservoir And Fluid Characteristics of Nacatoch Sand,
Bodcau Lease, Bellevue Field, Bossier Parish, 1.A?

Depth, ft. 450
Project size, acres 19
Avg. pay thickness, ft. 54
Average porosity, % 33.9
Average permeability, mD ~ 700
Water saturation, % PV 274
Qil saturation, %PV 72.6
Qil Satn. at the start of fireflood, STB/ac-ft. 1,909
Reservoir pressure, psig 40
Reservoir temperature, °F - 75
Oil gravity, “API 19
Oil viscosity at reservoir temperature, cP 676

Dip angle, degree ' 4.5




Following extensive laboratory combustion tube experiments, the five injectors were ignited
using electric heaters in August and September of 1976. During the first six months of operation, air
was injected down the casing for the dry burn phase. After the injection rates stabilized at their maxi- |
mum, the injectors were reperforated in the top 10-12 feet to allow water injection into the upper sec-
tion of the Nacatoch sand simultaneously with air injection into the base of the zone. A limestone
interval provided partial separation of the two injected fluids. The purpose of water injection was to
improve vertical sweep efficiency by forcing the combustion to expand farther out in the lower section

of the reservoir before rising to the top, thereby heating a large volume of the reservoir.

During the combustion phase, the producing wells experienced hot gas breakthrough or even
burnout as combustion front approached the producers. When this occurred, the wells became impos-
sible to operate due to sand production or tubing leaks resulting from the blowtorch effect of hot gases
on the tubing. When a producing well became difficult to operate, the tubing was pulled, and the
depths of the markings on the tubing were noted as an indication of the interval through which the
sand laden hot gasses were flowing. The producing interval was squeeze cemented and only the sec-
tions not causing the well problems were reopened for production. This process was repeated several

times during the combustion phase.

In spite of considerable care in design and operation, an explosion occurred in the air compres-
sion/injection system, destroying the distribution lines and severely damaging one compressor.
Buildup of a lubricant film on the inside walls of the air injection line was determined as being the
cause of the explosion. The distribution lines were repaired and put back into service within 36 hours,
and preventive actions such as periodic washing of the air distribution system with 5% nitrox solution
(mixture of sodium hydroxide and sodium nitrite) and careful checks of lubricants on discharge

valves and cylinders for buildup during maintenance, were taken to prevent future explosions,

Air injection was terminated in late 1980 after 50% of the pattern volume was burned and heat
scavenging water injection was initiated. Because of the gravity segregation effects, much of the
heated oil remained in the lower portion of the thicker pay after the termination of air injection. This

heated oil was displaced and recovered by the heat scavenging water.

During the six years of operation (duration of the DOE contract), the project produced 667,609
bbl of oil, compared with 700,000 bbl predicted. It was anticipated that the project would ultimately
produce more than the predicted 700,000 bbl of oil, if the economics permitted it. Whether this was
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the case is not known, because no project-related production data were released since the expiration

of the DOE contract in 1982. The project was terminated in 1990.

The project paid out and yielded attractive economics under the economic climate in which it
was conducted. During the DOE contract period the actual expenditures were $8.79 million compared
to the initial estimated expenditure of $8.23 million. Additional work beyond the initial scope of work
for the project, including drilling nine additional producing wells and four postburn core wells and

also repairing the damaged compressor, added to the unplanned costs.

Project Performance Analysis

The project was carefully designed (which cannot be over-emphasized) and well operated.
Many of the operating problems were predicted and backup provided. Due to the extremely low reser-
voir pressure (40 psig), it became necessary to operate the producing wells at minimum possible bot-
tomhole pressure to maximize pattern oil recovery. This operating procedure required that a static
liquid level be maintained below the producing formation at all times. This was accomplished by set-
ting subsurface pumps at a total depth and keeping the well continually pumped off. This was also
necessary to minimize sémd production. The operator installed a gas collection system to control the
venting of hot produced gases and maintain the bottomhole pressure at the desired value. The extreme
downhole temperature and the velocity of the gas caused condensed water to float inside the casing
just above the high temperature zone. This resulted in pressure buildup and fluid production stoppage.
The problem was solved by periodic cycling of vented gas from zero to maximum flow. This cycling
allowed the condensed water to drop to the bottom of the well, where it was removed by the subsur-
face pump, reducing bottomhole pressure and also partially cooling the hot section. Hardened and
honed pump barrels were utilized to minimize pump erosion due to sand production. Pressurized
heaters treaters were used to break emulsions and lower bottom sediment and water (BS&W). Coke
buildup in the casing/tubing annulus was minimized by periodic cleaning. In spite of a well-planned
operation, an explosion occurred in the air injection system, destroying the distribution lines and
severely damaging one of the three main compressors. The explosion was attributed to the buildup of

a lubricant film on the inside walls of the air injection lines.

In spite of all the efforts to minimize sanding problems, sand production and the handling of hot
combustion gases remained the major operating problems during project life. Of the eight original
producing wells, only the one farthest from the injector did not require remedial work. Remedial

cement squeeze jobs were performed in producers at frequent intervals to shut off perforations at
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which hot combustion gé.ses carrying sand eroded the perforations. Remedial work at wells along the
north line of the project area became so frequent and difficult that these wells were shut off and not

returned to producing status until long after termination of air injection in October 1980.

To better evaluate the performance of the simultaneous air and water combustion process, four
wells were drilled, cored and logged. Results of the program indicated extensive burning outside of
the pattern area. Based on the interpretation of the core and log results, Cities Services arrived at the

following conclusions:

1. The geological structure played a significant role. Air preferentially migrated up structure
while water moved down, causing variations in the situ combustion process ranging from
dry to quenched combustion at various positions.

2. Several hard lime streaks kept the injected fluids separated behind the leading edge of the
waterflood. Ahead of the water, they did not impede the migration of air to the very top of

the zone.

3. Residual oil saturation in the burned intervals was zero, indicating a highly efficient pro-

CESS.

4. Significant reductions in oil saturation down-dip of the injector, in intervals above the hard -
lime streak, was an indication of quenched combustion or hot waterflood. Based on the

analysis of clay alterations, quenched combustion was surmised.

5. The simultaneous air and water injection process with partial vertical separation is not well

suited to reservoirs with appreciable structure when applied in a pattern type development.

In summary, the Bodcau in-situ combustion project was both technically and economically suc-
cessful, paying out quickly, and provided an attractive return on the invested capital. The capture effi-
_ ciency, however, was low. Though 72% of the oil in place was displaced, only 42% was captured.
Extensive migration of oil outside the lease ﬁne occurred as a result of excessive air injection. The
operator should be commended for having devoted considerable effort to the design and operation of
the project and for thoroughly documenting the project operations. The project performance indicates
that very little was left to chance, and that virtually all difficulties were foreseen and every effort made
to deal with them.

Since the oil recovery was close to the forecasted level and the project costs were close to the

projected amount, it is clear that the operator fulfilled the set objective and demonstrated that a care-
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fully designed and well-engineered combustion project can overcome technical obstacles and will

result in economic success.

General Observations
On the basis of published information, and the unpublished results of some of the tests, fire-
floods may be divided into several classifications. The combustion reaction was essentially the same
regardless of the reservoir configuration or the method of application, but the manner in which it was
used could be considerably different. Firefloods can be divided into the following types or classes. In
each of these classes there is at least one example of a technical success and in some there are many

examples.

A. Complete Liquid Displacement
1) Non-pattern or single injection well.
Miga, Venezuela — Gulf
Hankamer, Texas — Gulf
Delhi, Louisiana — Sun Oil

2) Pattern or multiple injection wells.
Government Wells, Texas — Mobil
Trix Liz, Texas — Sun
Gloriana, Texas — Sun
Fry Unit, Illinois — Marathon

B. Gravity Segregated Displacement and Multiwell Stimulation
Moco Lease, California — Mobil
Newport Beach, California — General Crude (now Mobil)
Battrum, Canada — Mobil
Bellridge, California — Mobil

C. Specialty Applications
1) Air-water fireflooding — wet combustion — COFCAW.
Sloss, Nebraska — Amoco
Athabaska — Amoco

Bodcau — Cities




2) Waterflood following a fireflood.
Bellevue, Louisiana — Getty
North Tisdale, Wyoming — Continental

3) Heat Wave.
Delaware Childers — Sinclair

4) Reverse combustion.
Kentucky — Gulf
Bellamy, Missouri — Phillips

5) Tar Sands.
Kyrock — Gulf
Athabasca — Amoco, Texaco
Mobil — Sun

6) Oxygen on Emricned air fireflood.

Forest Hills, Texas — Greencotton Oil
Esperson Dome, Texas — Mobil

An explanation of the different uses for combustion were probably in order. As has been
described earlier a fireflood moves through a sand packed and oil saturated tube or an oil reservoir and
does several things. The oxygen in the air reacts with the fuel that has been deposited on the sand and
creates a temperature ranging from 500-1000°F. No liquids can remain in the rock that is being gas
driven at this temperature so all of the liquids move out except for a small portion of the oil which is
essentially solidified by fhe high temperature and gas drive and remains behind as fuel. The liquids
and vapors are driven ahead by the gas drive and eventually condense as the cold formation ahead of
the firefront cools the fluids. The air volumes required to support the combustion process are tremen-
dous. For example, at Miga the air-oil ratio is 11,000 cu ft/bbl. The pressure at the firefront is 2,200
psia and the estimated temperature is 800°F; therefore, about 30 reservoir barrels of gas are flowing
through the combustion zone for every barrel of oil that is flowing. The main function of the air is to
furnish oxygen for the combustion reaction but the flue gas that is generated also serves other func-
tions. It helps vaporize and move oil and water ahead of the combustion zone and at the producing
wells it provides gas lift for the oil and water. A fireflood therefore most closely resembles a cycling

project in a gas condensate reservoir where dry gas is supplied continuously from an outside source.
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The volume of gas involved greatly outweighs the oil and water. Literally, for every barrel (300 1b) of
_oil produced there is also a barrel of water (350 1b) and in the case of Miga there is also 900 Ib of air
injected and approximately 900 Ib of flue gas produced. Therefore, approximately three pounds of

flue gas are produced for each pound of oil that is produces.

Back to the task of explaining the difference in uses of fireflooding. If one had a circular reser-
voir with an infinite number of producing wells around the perimeter so as to form a ditch and an
injection well at the center, one could fireflood the reservoir and collect all of the oil that was dis-
placed which would be about 75-85% of the oil originally in place. This would be ideal but it is also
non-existent, so we have to take what does exist and do the best we can with 1t Complete liquid dis-
placement or type A requires that sufficient producing wells exist to produce all of the oil and water
that is being displaced by the combustion front and all of the flue gas that is being generated. Once the
flue gas has passed through the firefront it is free to move about the reservoir in the same manner as
free natural gas would move, i.e., gravity segregate and occupy only the top fraction of the reservoir,
move updip and form a secondary gas cap, etc. However, before the air moves through the combus-
tion zone it performs as if the air and combustion zone had a 1:1 mobility ratio. The movement of the
combustion zone is controlled mainly by the fuel that is deposited and the heat that is conducted for-
ward through the rock; therefore, it is not affected to any great degree by changes in permeability, lig-
uid saturations, porosity, etc. If these changes become extreme to the extent of fractures or
impermeable barriers, the shape of the combustion zone will obviously be influenced. The path the
hot fluids take ahead of the combustion zone will also have an influence, but since at field rates most
of the heat is carried forward by conduction through the rock, the heat carried forward by the fluids is

| less significant. Inadequate injection rates may also allow gravity segregation to take place between
. the air and the fluids being displaced. In reservoirs of moderate thickness the gravity override can
pfobably be avoided by using adequate air injection rates. In thick reservoirs it may be impossible to

avoid.
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CHAPTER 7 — AIR COMPRESSION PLANT

Introduction

The role of an air compression plant in an ISC project is to economically and continuously pro-
vide clean, dry, high-pressure air at the required rate to support and sustain combustion, while meet-
ing environmental and safety requirements. A compression plant consists essentially of one or more
compressors with a power source (driver), control system, intake air filter, inter and after coolers, sep-
arators, filters, dryers, fuel and lube oil storage tanks, interconnections piping, exhaust emission con-

trol equipment, and a distribution system to carry air to injection wells.

A schematic of a typical air compression plant for an in-situ combustion project is shown in Fig-
ure 7.1. The air compressor is the heart of the compressed air system and the selection of proper com-
pressor system is critical to a trouble free operation. Compressors vary widely in design or type, each
with a fixed set of operating characteristics. It is the duty of the project engineer to best specify the
compressor type to the project need. Air compressor is an expensive and rather a complicated piece of
equipment to specify, purchase, operate and maintain. To achieve the expected performance, care
must be exercised in selecting equipment, laying out and installing it correctly, and then maintaining

the system in good working order.

The intent of this chapter is to provide guidance to the ISC project engineer or operator in the

selection, purchase, operation and maintenance of air compressors and related equipment.
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AIR COMPRESSION EQUIPMENT FOR FIREFLOODING
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FIGURE 7.1 — Air Compression Equipment for Fireflooding




Some of the topics addressed in this chapter include:

» Compressor types and their characteristics.

» Basic thermodynamic relationships applied to air compressor.
* Compressor specification and selection criteria.

» Compressor performance characteristics.

» Compressor operational problems and maintenance issues.

* Lubrication and drive requirements.

* Other air compression plant equipment and their functions.

* Compressed air distribution system. |

» Case history of oil field experience with air compressors.

This chapter also includes numerous charts and a step by step procedure for compressor sizing.

Compressor Types
The compressor is a mechanical device utilized to raise the pressure of a compressible fluid such
as air. While compressors are manufactured in a variety of types, sizes and physical configurations,

they all utilize one of the two basic mechanical methods to compress gas:

1. Reducing its volume.

2. Increasing its velocity and subsequently converting the velocity (kinetic) energy into pres-

sure energy.

Compressors of the first category are referred to as the intermittent flow machines and those

based on second technique are classified as the continuous flow devices.

Machines using the intermittent compression mode are also referred to as positive displacement
compressors, of which there are two distinct types: reciprocating and rotary. Continuous flow
machines are also subdivided into two basic groups: dynamic and thermal. The principal types of
compressors are shown in figure 7.2. Not all types of compressors are made in all pressure- volume

ranges. The typical operation ranges of various types of compressors are shown in Figure 7.3.
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FIGURE 7.2 — Principle Compressor Types
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OVERALL COMPRESSOR EFFICIENCY, %

FIGURE 7.4 — Comparison of Centrifugal and Reciprocating Compressor Efficiencies
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The principal compressor types used in ISC projects are either reciprocating or centrifugal. In
addition in many projects rotary screw compressors are used as auxiliary units either to boost the dis-
charge pressure of the main unit or to serve as the first stages of a larger reciprocating system. In at
least two projects, reciprocating compressors ére used as the upper stages of a centrifugal system to
achieve the desired discharge pressure. Table 7.1 presents the type of compressors employed in some
past and current U.S. in-situ combustion projects. This table indicates that the installation most often

found in the field is the gas engine driven multistage reciprocating compressor.




TABLE 7.1 — Compressor Types Employed in the U.S. ISC Projects

Project and Compressor Type Rate and Drivers
Duration and Pressure
Manufacturer
Mobil Oil 12 Stage (8000 27 MMScf/d at Gas Turbine (8000
Company Moco-T | BHP) Cooper — 675 Psig HP). Later
Lease Project, CA | Bessemer Centrif- replaced by Syn-
(1961-1992) ugal Compressor. chronous motor.
First ( 1261) 25 MMScf/d at Natural gas fired
installation was 600 Psig integrated engine
a 350 HP (angle .
type) Ingersol
Rand Reciprocat-
ing Compressor.
Amoco Produc- Clark Brothers 6 6.7 MMScf/d at Natural gas fired
tion Co. Sloss Stage Horizon- 4125 Psig . integrated engine
Field, Nebraska tally Opposed (2900 HP)
COFCAW Project | Double Acting
(1965-1971) Reciprocating
Compressor.
Getty Oil Co. Bell- | Four, 3 Stage 2.5 MMScf/d each | Turbo charged Gas
vue, LA Horizontally at 125 Psig Engine (1000 HP)
Fireflood Opposed Ingersol- .
(1963-1988) Rand Reciprocat-
ing Compressors
with air cooled
intercoolers.
Three, 6 Stage, 20 MMScf/d each | 3500 HP, 300 rpm
Ingersol-Rand at 125 Psig Synchronous
Centrifugal Com- Motor.
pressors
Sun 0Qil Co. Four, 3 Stage Ajax | Each compressor 300 HP Turbo
May Libby Field, | Horizontally israted for 1.3 charged gas
Delhi, LA Opposed Double MMScf/d at 1000 | Engine
Combustion Acting Reciprocat- | Psig and 230 BHP
Project ing Compressors.

(1960-1972)
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TABLE 7.1 (cont.) — Compressor Types Employed in the U.S.

ISC Projects
Project and Compressor Type Rate and Drivers
Duration and Pressure
Manufacturer
Cities Service Co. | Compressor # 1 3.18 MMScf/d at Originally driven
Bodcau Lease, 3-Stage Ingersol 315 Psig and 742 by a 1000 HP
Shreveport, La In- | Rand Model BHP at 800 rpm. “Waukesha’ Natu-
situ combustion 4 RDS-3 Recipro- ral Gas Engine.
project cating Compres- Later replaced by a
I e 000 5 500m
General Electric
Induction Motor.
Compressor # 2 5.74 MMScf/d at 1250 HP General
3-Stage Ingersol 315 Psig and 1170 | Electric Induction
Rand Model BHP at 835 rpm Motor running at
4 RDS-3 900 rpm.
Reciprocating
Compressor with
Water cooled inter
cooler.
Compressor # 3 12 MMScf/d at 3000 HP General
3-Stage Ingersol 280 Psig and 2800 | Electric Synchro-
Rand Model BHP at 300 rpm nous motor run-
4 HHE-3-VG ning at 327 rpm.
Reciprocating
Compressor with
‘Water cooled inter
cooler
Gulf Oil Co 3 Clark Bros. 6.2 MMScf/d total | 2500 HP natural
{Chevron) Reciprocating capacity at 5000 gas fired engine
Cotton Valley Compressors. One | psig. 1.2 MMScf/d
Field, Heidelberg, | 6-Stage Unit and at 5000 psig
MS Combustion Two 5-Stage 2.5 MMScf/d each
Project Units. at 3000 psig.
(1971-1992) Each 5-stage unit | Booster screw
was equipped at compressor rated
the down stream at 2.5 MMScf/d
end with a single with a pressure
stage ‘Sullair’ oil ratio of 1.67

flooded Rotary
Screw Compres-
sor to boost the
pressure from
3000 to 5000 psi.
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TABLE 7.1 (cont.) — Compressor Types Employed in the U.S.

ISC Projects
Project and Compressor Type Rate and Drivers
Duration and Pressure
Manufacturer
Texaco One 2-stage 1 MMScf/d at 900 | First Stage: S0 HP
Caddo Pine Island, | Reciprocating psig. 440V 3- Phase
La, Harrell Fee Compressor. Induction Motor.
Lease In-situ com- Second Stage: 300
bustion project HP 440V 3-Phase
(1980-1983) One Single Stage | 300 MScf/d at 600 | Induction Motor
Integated Recip- psig 230 HP Integrated
rocating Compres- G .
as Engine
sor
Monterey Ingersol Rand 5 MMScf/d at 250 | 1500 HP Synchro-
Resources CENTAC I Cen- | Psig nous motor
(now part of Tex- trifugal Compres-
aco) SOT Ymh a
Reciprocating
Midway Sunset Booster Compres-
Fireflood sor at the upper
(1982- stage.
Koch Exploration | Centrifugal Com- 13 MMScf/d at 3000 HP Induction
(Continental pressor for first 250 Psig and 3600 | Motor
Resources) Buf- four stages (Coo- Ipm
falo Red River per W. Superior)
Unit Air Injection Reciprocating
Project, S. Dakota
Compressor for
(1979- last 3 _stages (W. 13 MMScf/d at 3000 HP Synchro-
Superior Model 5000 Psig
nous Motor.
W 74)
U.S. Dept. of 5 Stage Horizon- 3.2 MMScf/d at Turbo charged
Energy tally Opposed 800 Psig. Waukesha Gas
Naval Petroleum Double Acting Engine (2900 HP)
Reserve #3 (NPR- | Ingersol Rand
3) Tea Pot Dome Reciprocating
Field Fireflood Compressor with
Casper, Wyoming | water cooled inter-
coolers.
Koch Exploration | 7-Stage W. Supe- 5.2 MMScf/d at Turbo charged gas
(Continental rior Model MW 68 | 5000 Psig engine (2650 HP)
Resources) Reciprocating
Medicine Pole Compressor with
Hills Unit water cooled inter-
(MPHU), Bowman | coolers (2 units)
County, N. Dakota
Air Injection
Project
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TABLE 7.1 (cont.) — Compressor Types Employed in the U.S.
ISC Projects
Project and Compressor Type Rate and Drivers
Duration and Pressure
Manufacturer
Amoco Produc- One ‘Atlas Copco’ | 4.2 MMScf/d at “Waukesha’ Model
tion Co. Model ZR-6, 2- 100 psig 5108 GL ‘Lean
West Hackberry, stage Oil-less Burn ‘gas engine
La Air Injection Screw Compressor
ggjgeﬁ One ‘Ariel’ Model | 42MMScf/dat | “Waukesha’ Model
JGK- 4 Four Stage | 4300 Psig 9390 GL ‘Lean
Reciprocating Burn’ gas engine.
Compressor
with Water
cooled intercooler
TOTAL Minatome | Two 8 Throw /7 5.0 MMScf/d each | Turbo charged
Corporation Stage Reciprocat- | at 5000 Psig integral gas engine
‘Horse Creek’ ing Compressor {2650 BHP at 900
Field Air Injection | with Water cooled rpm)
Project, Bowman intercoolers (2
County, N. Dakota | units)
(1996-

Before presenting the details of the principal compressor types employed in ISC projects, a dis-
cussion on the relative merits of these compressors and the reasons for the popularity of reciprocating

compressors in ISC projects are in order.

Relative Comparison of Various Compressor Types

Proper compressor selection for ISC service is very difficult and several factors must be taken
into consideration before finalizing the selection. .These include peak project air requirements, desired
injection pressure, initial cost, power requirements, operation and maintenance cost etc. For small
‘pilot or experimental projects, where air requirements are small, skid mounted, packaged reciprocat-
ing compressors are preferred because they are less expensive to purchase and operate. In a large
operation, the choice is not that obvious. For many operations, both reciprocating and centrifugal
compressors can meet the flow and pressure requirements: Both these compressors have advantages
and disadvantages for a particular application and must be taken into consideration during the selec-

tion process.
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Advantages and Disadvantages of a Centrifugal Compressor

The advantages of a centrifugal compressor over a reciprocating machine are:

Lower installed initial cost where pressure and volume conditions are satisfied.

e Lower operating and maintenance expenses (shut down required only once every three
years). The operating and maintenance cost of a centrifugal is approximately one-third of an

equivalent, reciprocating machine.
* Greater volume through put per unit of floor space occupie.
* Smaller foundation requirements.
* Greater continuity of service and dependability

* Higher compression efficiency at compression ratios less than 1.25 (see Figure 7.4). The
compression efficiency is the ratio of theoretical work to actual work required to compress a

given quantity of gas.
* Minimal operational attention requirement when operated within the design envelope.

* Adaptability to high speed, low maintenance cost drivers.

The principal disadvantages of using a centrifugal compressor in an ISC project are:

* They are very unstable at low flow rates.

* Because they are dynamic, the flow is much more sensitive to operating environments,

requiring a more sophisticated control system.

* External maintenance is mandatory; only the manufacturer could trouble shoot and repair

the compressor.

* If major mechanical failure of compressor internals (rotor) occurs, due to unstable operation.
it will take longer to repair or overhaul a centrifugal unit (than a reciprocating one) unless a

complete spare rotor is available.

» Carrying a spare rotor, though ensure lower downtime, can increase the compressor installed

cost by about 50%.

* Require more skilled manpower to maintain and operate due to relatively narrow range of

stable operating regime.
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Advantages and Disadvantages of a Reciprocating Compressor

The advantages of a reciprocating compressor over a centrifugal machine are:

L]

Greater flexibility in capacity (throughput) and pressure range.

Superior compression efficiency at compression ratios above 1.3. This advantage increases

dramatically as the compression ratio increases (Figure 7.4.)

Requires less power to compress a unit volume of gas at compression ratio of above 1.3
(Figure 7.5).
Less susceptibility to changes in operating conditions.

Capacity (output volume) can be easily be varied to meet the demand by using appropriate

capacity controls.
Can deliver air at any pressure up to the limit of its mechanical strength and drive capability.

Require less skilled manpower to operate, since the machine is less sensitive to variation in

the operating environment.
Routine maintenance can be done on site by operator’s personnel.

Major mechanical problems probably will not arise. If major problems do arise, it is less

expensive to repair.
More forgiving if routine maintenance is deficient.

Operating environments has minimal effect on output.

The disadvantages of using a reciprocating compressor are:

Lower capacity.
Higher initial installed costs.

Foundation requirements are much more massive than that for an equivalent centrifugal

machine.

Has more and heavier moving parts and, therefore, lower mechanical efficiencies than cen-

trifugal compressors.
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Require more careful design of the discharge piping system (piping between compressor
and intercooler and at the compressor outlet) to avoid vibration and pulsation. Centrifugal

do not have this problem.

Require higher maintenance (shutdown and overhaul required once every 9 months) due to

large number of moving parts and corresponding wear.

Higher lubrication and cooling costs compared to other compressor types.

Advantages and Disadvantages of Rotary Screw Compressors

Rotary screw compressors has following advantages over reciprocating and centrifugal com-

pressors:

- Simpler design and wide capacity range.
Can develop 7.3 times the head of a centrifugal compressor operating at the same speed.
Has performance characteristics and flexibility comparable to a reciprocating compressor.
It has compression efficiencies comparable to centrifugal compressors.

Operation and maintenance costs compare favorably with the centrifugal compressors which

are about one third the cost of maintaining reciprocating machines.

Lighter in weight than the reciprocating machines and does not exhibit the shaking forces of

the reciprocating compressor, thus making the foundation requirements less stringent.

Flooded screw compressors can realize pressure ratios (ratio of discharge pressure to intake
pressure) as high as 21 to 1, making it an ideal machine to boost the discharge pressure of

the centrifugal.

Disadvantages:

Overall efficiency (70%) is less than the reciprocating or centrifugal machine and decreases

with increase in compression ratios.

Has much higher internal fluid leakage losses than the centrifugal or reciprocating machines
and this impedes its attractiveness as a mainstream compressor. Higher fluid leakage losses

also prevent the machine from realizing higher compression ratios.

Typical flooded single stage screw compressors are restricted to 4 tol compression ratio.




* Qil flooded compressors require a more expensive lube oil recovery system to minimize

loss.
* Require much higher horsepower per unit of compression ratio.

* Screw compressors are noisier to operate.

Reasons for the Popularity of Reciprocators in ISC Operation
Despite its lower capital, operation, and maintenance costs compared to the reciprocators, cen-
trifugal compressors have not found widespread acceptance among most ISC operators. Following

are some of the reasons for this situation.

1. In-situ combustion operations generally involves significant amount of compression and the
service require considerable flexibility in operating pressure and throughput. Typically at
the start of an ISC operation, the injection pressures are higher than the project’s average
injection pressure and the injection rates are well below the average. Once ignited and the
combustion front began to move away from the injector, the injection pressure drops and
the injection rate increases. The reciprocating compressors best provide this operating con-
dition flexibility. Reciprocating compressors are the only compressor types whose capacity
and pressure may be varied in accordance with the requirements, without sacrificing the
efficiency.

2. Most ISC projects implemented in the U.S. in the 1950s and 1960s were either small pilot
or experimental projects. The volume of air required in these projects were relatively small
(often much less than and outside the practical limits of most centrifugal compressors).
Though specially designed centrifugal compressors can handle such low volumes, they are
not cost effective compared to reciprocators of similar throughput. This preclude the use of
centrifugal compressor in such application. The centrifugal compressor has been applied in
the approximate range of 1,000 scf/min to 150,000 scf/min (14.4 MM scf/d t0 216 MM scf/
d). Below 6MM scf/d flow rate the operation of centrifugal compressors becomes unstable,
leading to mechanical failure of the machine.

3. Availability of natural gas in most field location and the suitability of natural gas fueled gas
engines as drivers for the reciprocators (centrifugal are high speed machines and require
either gas turbines on electrical motors as drivers) also can be cited as a reason for the pop-

ularity of reciprocating compressors in ISC services.

4. Other reasons for the widespread use of reciprocating compressors in ISC projects include:
familiarity and ease of repair on site, less skilled manpower requirements to operate and
maintain, less costly down time due to ready availability of spares, low power requirements

and superior compression efficiency compared to centrifugal.
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5. Given its widespread usage and satisfactory performance in the past ISC projects, most
operators tend to stick with the tradition and unwilling to consider other compressor types

for ISC operations.

Basic Terms and Definitions of Compressor Terminology
An engineer or operator in charge of selecting or specifying compressors for an in-situ combus-
tion project must have a good understanding of various compressor related terms. This is needed to

avoid confusion and to prevent miscommunication with vendor.

In this section an attempt is made to explain selected terms specific to compressor related calcu-

lations. These terms apply to all compressors regardless of type.

* Suction Pressure: This term refer to the air (gas) pressure existing on the inlet or suction,
side of the compressor. This is expressed in pound force per square inch (Ib¢iN?) gauge
(psig) or Ib¢iN? absolute (psia). The exact point of measurement of suction pressure is

important in the final sizing and selection of the compressor.

* Discharge Pressure: The air (gas) pressure existing at the discharge or outlet end of the com-
pressor. This is also expressed in units of psig on psia. As with suction pressure the exact

point of measurement is important in the final sizing and selection of the compressor.

» Compression Ratio: It is the quotient obtained from dividing absolute discharge pressure by
the absolute suction pressure. It is usually applied to a single stage of compression, but may

be applied to a complete multi stage, compressor as well.

* Capacity: It is the quantity (volume) of air (gas) actually delivered when operating between
specified suction and discharge pressure. In the compressor literature, it is expressed ‘in vari-
ous units. These include: cubic feet pér minute (cfm), inlet cubic feet per minute (icfm),

', actual cubic feet per minute (acfm). Standard cubic feet per minute (scfin), millions stan-

dard cubic feet per day (MMscf/d), and millions cubic feet per day (MMcfd).

All these units expresses the volume delivered at certain conditions of pressure, temperature gas

composition and a definition of these units is in order.

Cubic feet per minute (cfm): It is the volume rate per minute measured at the specified or known
inlet condition (usually ambient) of pressure and temperature. The pressure usually the barometric
pressure expressed in psig and the temperature is the prevailing air temperature. It is best to specify

the pressure and temperature at which the volume is to be expressed.
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Actual cubic feet per minute (acfm): This term originated in the chemical process industry and
expresses the volume at process condition. Like ‘cfm’, it is the intake volume rate per minute
expressed at the prevailing compressor room pressure and temperature conditions. Often in compres-

sor literature the term ‘cfm and ‘acfm’ are used interchangeably.

Inlet cubic feet per minute (icfm): Same as ‘cfm’ and refer to the volume at the prevailing suc-

tion conditions.

Standard cubic feet per minute (scfm): ‘scfm’ means ‘cfm’ at standard condition. However,
standard vary and some care is necessary. In the United States, the usual standard is 14.696 psia and
6°F. In Europe, the usual standard is latm and 0°C. The U.S. natural gas industry adopted 14.4 psia
and prevailing inlet temperature (usually 65°F or 70°F) as its standard. Hence the engineer must spec-

ify the standard conditions to the compressor vendor.

Million cu. ft. per day (MMCcfd): It is the daily output capacity of the compressor at the specified
(standard) inlet condition. It is not the same for all people. Like ‘scfm’, its definition depends upon
the standard adopted. In the natural gas pipeline industry where this term is most frequently used, it is

refer to the volume at 14.4 psia and inlet temperature.

Million standard cubic feet per day (MMscf/d): It is the daily output capacity of the compressor,
measured at 14.7 psia pressure and 60°F. This term is commonly used in the oil field arena and
adopted by ISC operators to express the compressor capacity. Again, the engineer is advised to spec-

ify the standard conditions, so as to leave no doubt in the compressor vendor’s mind.

Horsepower: refer to the time rate of work required to compress and deliver a given quantity of
gas (air) in accordance with a specified process. The total required horsepower is a function of capac-
ity, compression ratio and compressor efficiency. Like volume, the compressor literature refers to sev-

eral different horsepower and an explanation is in order.

Theoretical Horsepower: is the work theoretically required to compress and deliver a gas at the

desired discharge pressure in accordance with a specified thermodynamic process.

Gas Horsepower: (GHP) is the actual work required to compress and deliver a given quantity of

gas. This includes all losses (thermodynamic, leakage and fluid friction) except mechanical losses.

Indicated Horsepower (IHP) is the horsepower obtained from an indicator card of a reciprocat-

ing compressor. It is the same as the gas horsepower.




Break Horsepower: (BHP): 1t is the total power input required by the compressor to compress
and deliver a given quantity of gas. This includes gas horsepower and all mechanical losses. It is also
sometime referred to as the shaft horsepower. It is also the power developed and delivered at the com-

pressor shaft by the prime mover.

Peak Horsepower (PHP): It is the maximum power required by a given compressor when oper-
ating at a: (1) constant discharge pressure with variable suction (intake) pressure or (2) constant suc-

tion pressure with variable discharge pressure.

Basic Relationships

This section discusses briefly some basic thermodynamics and mathematical relationships nec-
essary to determine the size of a compressor and the power required to compress a given volume of
air. To keep the discussion simple, no attempt is made to derive various gas compression equations.
Only the final expression is presented. For a detailed discussion on the thermodynamic fundamentals

and the equations derivation, the reader is referred to other publications.

Principles of Compression
Pressure, temperature, and volume are the three variables that influence the status of a gas. A

change of one variable affects either or both of the other variables.

The relationship between pressure (P), volume (V) and temperature (T) is expressed by the ideal

gas law.

P%=Con.§ tant =R (7.1)
Where

‘R’ is the universal gas constant and its value depends upon the units chosen for ‘P’, ‘V’ and
“T°.

When:
P is in 1bf /iN, abs
V is in cu. ft./ Ib. mole

and T is in °R (°F + 460), the value of R is 10.729



Similarly ‘R’ has a value of 1545 when ‘P’ is in lbs/sq.ft., V is in cu. ft./ Ib. mole and T is in °R.

All gases deviate from ideal gas laws to some extent. It is therefore, necessary that this deviation
from ideality be accounted for in compressor calculations to prevent compressor and driver sizes from
being greatly in error. This deviation from ideality is accounted for by multiplying the right hand side
of Equation (7.1) by the gas deviation factor (or compressibility factor) Z.

Thus the real gas law that applies to all gases can be written as

PV = ZRT (7.2)

The value of Z depends upon the system pressure, temperature and type of gas.

Another important gas property is the specific heat ratio ‘k’. This ratio is given by

k= C/ = _.___..._CP
. ¢, ~C,-1986 (7.3)
Where
Cy= specific heat at constant volume, Btu'/ Ib, - mole - °F

CP = specific heat at constant pressure, Btu / Ib,, - mole — °F

In compressor calculation, the compressor capacity is a volumetric value based on flowing con-
ditions of pressure, temperature, and relative humidity (if moisture is present). The flow units are
given as inlet cubic feet per minute (icfm) or actual cubic feet per minute (acfm). In oil field, the flow
value is stated as standard cubic feet per minute (scfm). Unfortunately, the definition of standard con-
dition is not universal. The ASME standard uses 68°F and 14.7 Psia at 36% relative humidity. The
API standard is 60°F and 14.7 Psia. The natural gas industry uses 14.4 Psia and 60°F as its standard.
To avoid confusion, it is always advisable to check the reference condition whenever the scf abbrevia-
tion is encountered. In the SI unit, there is only one set of reference conditions, 101.325 kPa and 15°C
as established by the international standard ISO 5024. The recalculation of volumes from one set of
standard conditions to another is rather straight forward and can be accomplished using Equation
(7.2) as follows.
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Given the volume occupied by dry air at 60°F temperature and 14.7 Psia pressure as 100 cubic
feet. What is the corresponding volume at (a) 14.7 Psia and 68°F and (b) 14.4 Psia and 60°F. Gas

deviation factor Z=1.0 at atmospheric pressure.

Solution:

P;=14.7 Psia Py=14.7 Psia

V=100 cu. Ft. Ty= 68°F+ 460 =528°R
T,= 60°F+ 460 =520°R V,=?

Z,=10 Z,=1.0

From Equation (7.2)

RV/ _ PZV%
LZ, 225

Hence

PV. T.Z
v = 2%
* Tz, P

Substituting the corresponding values

14.7x100.0 528x10
= X
2 520x10 14.7

= 10154 CubicFeet

Similarly for the conditions (b), the corresponding volume is 102.1 cubic feet.
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Compression Cycles
There are three compression cycles or thermodynamic processes available to an engineer to

carry out the work of compression. These are:

1. Isothermal compression.

2. Adiabatic compression.

3. Polytropic compression. Only isothermal and adiabatic compression are pure basic thermo-

dynamic cycles.

The polytropic process is a modification of adiabatic compression involving an efficiency to
more nearly represent actual condition and as such is not a true basic cycle. Although, true isothermal
and adiabatic compressions are not achievable in the practical types of compressors, nevertheless,

they are useful as a basis for compressor calculations.

The PV diagram depicting these three compression cycles are shown schematically in Figure
7.6. When a gas is compressed heat is generated. The manner in which this heat of compression is
dealt with distinguishes the compression cycles from one another. Isothermal compression occurs
when the temperature of the gas being compressed is held constant. This requires continuous removal

of the heat of compression. This compression is described by the formula.

PV, =P,V, =constant (7.4)

Adiabatic compression: also known as the isentropic (constant entropy) compression is obtained
when no heat is added to, or removed from the gas during compression. This process is reversible

when no friction exists. For an ideal gas the compression follows the formula:

Where k is the ratio of specific heat = Cp/ Cy, and

Plvlk = Pszk (7-5)

T, (P,
== (7

-&. 7 o)

k-1
k.

(7.6)

Where Rc = compression ratio = ratio of discharge pressure to inlet pressure and the subscripts

1 and 2 in Equation (7.7) denote inlet and discharge conditions.
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For a real gas, the adiabatic cbmpression follows the formulation

RV =P, 2V27

(7.8)
And

T, (P, 2 _ =

T~ (7”]) = (R,) (7.9)

Where 2 = isentropic exponent for a real gas
For a compression ratio, Rc < 2.0, 2 is approximately equal to ‘k’ for most real gases.

Though adiabatic compression is never exactly obtained in practice nevertheless, it is closely

approached with most reciprocators and used as the basis for these compressor design.

Polytropic compression cycle is used as the basis for centrifugal compressor design and follow

the relation

PV® = constant (7.10)

When Equation (7.10) is expressed between the initial (1) and final (2) conditions we have

RV =RV, (7.11)
Where n = polytropic exponent and
n*lorn*k (7.12)
Expressing Equation (7.11) in terms of temperature and pressure we have
n-1
T, P\ n
T_1 = (}71) (7.13)

The value of ‘n’ is experimentally determined for a given machine and may be lower or higher
than the adiabatic exponent ‘k’. In reciprocating and internally cooled centrifugal compressors, ‘n’ is

usually less than ‘k’. In un-cooled centrifuge, ‘n’ is usually higher than ‘k’ due to internal gas friction.
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Thermodynamically, the adiabatic process is reversible, while the polytropic process is irrevers-
_ible. For real gases, below a compression ratio of 2, the polytropic exponent ‘n’ for the gas can be cal-

culated from the following relation

n—-1

— = —;—1(’-21;) (7.14)

Where np is the polytropic compression efficiency. ‘n’ can also be calculated if the inlet (suc-

tion) and discharge pressure and temperature are known. The following formula may be used.

n-1 n-1

2= =r" .19
()

Mg = (%:) | ~ (7.16)
)

n,
F) -
PS
The adiabatic compressidn efficiency n, is defined in terms of the polytropic efficiency n, by the

following

In the above equations, the subscript ‘d’ and ‘s’ refer to the discharge and suction conditions

respectively.

Polytropic efficiency n, can be obtained from (7.14) by rewriting the equation as

&)
&Y

7.17)

Theoretical Horsepower

Theoretical work (horsepower) is the heart of the compressor design and the engineer must have

some basic understanding




Adiabatic Compression
For reversible adiabatic (isentropic) compression of an ideal gas, the theoretical horsepower

requirement is given by

HP, = O'OG;ZQK%)M - 1](;210)(2,") (7.18)
Where:
Q= gas flow rate in standard cubic feet per minute (14.7 Psia and 60°F)
P, P4 = absolute pressure at suction and discharge, respectively, Psia
m=k-1/k
k= Cp/Cy (molal specific heat ratio)
units of Cp and Cy, are in Btu/lb-mole °F
T, = absolute temperature at suction, °R
Z = (Z,+Z;) / 2 = mean compressibility factor
Z = compressibility factor at suction

Z 4= compressibility factor at discharge

Although Equation (7.18) is derived based on ideal gas with a constant specific heat, it is
equally valid for real gases provided the specific heat variation is not large. Several efficiencies are
defined in order to apply Equation (7.18) to real world compressors. These efficiencies are defined as

follows:
T, = adiabatic efficiency:

It is defined theoretical isentropic horsepower (Eqn 7.18) divided by the actual or gas horse
power (GHP) delivered to the gas

= HP; / GHP

(7.19)




1n,= mechanical efficiency:

It is the fraction of the driver break horsepower (BHP), actually transmitted to the gas. (This

allows for mechanical losses) Thus

n,= GHP BHP (7.20)
TN, = Overall adiabatic efficiency:

It is the ratio of the theoretical adiabatic horsepower developed per stage of compression

divided by driver break horsepower.

Nao =HPy BHP =%, * %, (7.21)

Hence BHP =HPy/ *,,

_ 0.06’:2Q [(%z)’" _ 1} (S_Tz%) Z.) (_i;) (7.22)

s

P,, P, = absolute pressure at discharge and suction, Psia
T, = absolute temperature at suction, °R
The adiabatic head Ha represents the isentropic energy supplied to compress a gas in ft.- 1b; by,

The adiabatic head is calculated from the following relation which applies to one stage of com-

pression.

= (5 (2 [ 1)

Where
M = gas molecular weight

R = gas constant = 1545 ft. Ibs/ Ibm

252




Since work is force times distance or in this case, weight times head, the compressor horse-

power (GHP on BHP) is related to the adiabatic head by the following:

_ wWH,
- 33,0007, (7.24)
_ wH,
" 33,0007,
where
w = mass flow rate of gas in Ib,, / min " (7.25)

For a single stage of compression, neglecting any changes in potential or kinetic energy, the

temperature change from inlet to outlet, can be obtained from the first law of thermodynamics (energy

balance) as
6.33(2.547BHP - L
At=t,-t, = ( ) (7.26)
Q¢C,
Where

t, = suction temperature, °F
ty = discharge temperature, °F
Q = gas flow rate, Scf/ min

L = total heat lost to the surroundings or to the cooling water in Btu/ hr. ‘L’ also includes the
heat lost to heat transfer (cooling) jackets, lubricating oils, etc. But it does not include any heat trans-

ferred to compressor intercoolers or aftercoolers.

Equations (7.22) through (7.26) must be applied separately to each stage in a multistage system.

Polytropic Compression
A polytropic compression follows the Equation (7.10) (PV" = constant). The exponent ‘n’ in
Equation (7.10) is a constant that depends on gas properties, amount of cooling supplied to the com-

pressor and energy losses due to friction and irreversibility.
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The basic horsepower equations are identical to those for a reversible adiabatic compression
(Equation 7.18) except that the isentropic exponent ‘k’ is replaced by the polytropic exponent ‘n’ and
the adiabatic efficiency n, by polytropic efficiency n,,.

Thus the power equations for a one stage polytropic compression are

’

_ O.OZL,ZQKP ;ischérge)m _IJ(T?SSOII)(Z )( ) (7.27)

suction

Where

The polytropic efficiency n, is defined by Equation (7.17)
The equation for polytropic head H, is analogous to that for adiabatic head (Equation 7.23)

Thus

’

Hp _ (RT.;,;’zion)(n_]?)I:(P;isch'arge)m _ I:I(Tssuégon)(z ) (7.28)

suction

The outlet and inlet temperature for polytropic compression are related by the expression given

- by Equation (7.13) where
T, = discharge temperature, °R
T, = suction temperature, °R

As in the case of adiabatic compression, the polytropic formulas must be applied separately to

each stage in a multistage system.

For a given speed and inlet capacity, the centrifugal (or axial) compressor develop a constant

polytropic head (in ft.-1bf / Ibm) regardless of the nature of the gas, its inlet temperature or whether it
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is cooled or not during compression. The polytropic head, theoretically remains the same, regardless

of whether the gas compressed is CO, (gravity = 1.528) or air (gravity = 1.0) or natural gas.

Although the polytropic head developed by a dynamic machine (such as the centrifugal com-
pressor) at a given speed and capacity remains constant regardless of the gas, the pressure rise gener-
ated is not. The pressure rise vary approximately linearly with the density of the gas. Thus a
centrifugal compressor operating at a given speed will compress a given inlet volume of CO, to a
greater pressure, than the same inlet volume of air. This fact must be kept in mind while selecting a
compressor for in-sita combustion service, because oil field compressor vendors often rate the com-
pressor for natural gas, than for air. In such cases, the compressor discharge pressure, when used for

air compression, is likely to be lower than that quoted by the vendor.

Isothermal Compression

The theoretical horsepower for a reversible isothermal compression is given by the expression

0TZ

P
- m _4
HPr = =2 1In (Ps) (7.29)

Where

P
In (-P—d) is the natural logrithm of compression ratio

s

Equation 7.29 assumes that the heat of compression is fully removed by cooling. In practice,
this is not feasible and the actual power developed is less than the theoretical power predicted by
Equation 7.29. |

The performance of a real world compressor can be evaluated by the following:

GHP= —~ ' (7.30)
t
HP;
and BHP = (7.31)
ao
Where

7, = isothermal efficiency
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T4 = Overall isothermal efficiency

= Me XM
N, = mechanical efficiency

Once the break horsepower for a single stage of compression is calculated, the discharge tem-

perature can be determined by Equation (7.26)

Reciprocating Compressor

Introduction
The reciprocating compressor is probably the best known and the most widely used compressor
type in the oil patch. More than 80% of all fhe compressor systems in use in the oil field are recipro-
cators. Its widespread popularity among oil field operators can be attributed its superior compression
efficiency and greater flexibility in capacity and pressure range at a lower power cost. Reciprocating
compressors had been employed in the oil field since the early 1900 when the practice of reservoir

pressure maintenance through well head gas re-injection began (J.O. Lewis, 1917).

Oil field reciprocating compressors vary in size from small 5 horsepower units to larger power
units for several thousand horsepower. Majority of oil field reciprocating compressors are moderate
horsepower, heavy duty packaged units, and direct connected to a gas engine driver. These units are
usually designed to meet the minimum requirements of the API specification 11P (SPEC 11P) devel-
oped to meet the oil and gas fields need for a compact, semi-portable, well balanced, skid mounted

COmMpressor.

The packaged reciprocating compressors are adequate for light to medium duty services such
the compression of well head gas for discharge into trunk lines, gas lift operations, reservoir pressure
maintenance activities and pilot gas injection EOR processes such as the in-situ combustion and flue
gas flood. In large EOR projects such as the commercial scale in-situ combustion, CO, and hydrocar-

bon floods, large multistage reciprocating compressors with interstage coolers are employed.

Irrespective of the project size an operator or the engineer in charge of specifying and purchas-
ing compressors for an in-situ combustion project must have a good understanding of the specific
characteristics for different compressor types and the many factors that must be considered in the

compressor selection process. These issues are not only essential to the proper formulation of the
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compressor specification sheets for vendor quotation, but also to the selection of right type of com-

pressor 